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Abstract 
Aspects or the population biology of juvenile Pagn,s aura/1/s in the western gulf of Shark 
day, Western Australia, were investigated to explore the causes of an ob~ervcd size 
difference between o+ fish (first year of life) in the northern and southern regions of that 
gulf. Five trawl surveys were conducted in each region of the western gulf, from November 
2000 to December 200 I, to collect juvenile P. aura/1/s. The o+ fish from the northern 
region were found to be consistently greater in length by between IO and 20mm LCF, than 
those in the southern region, thereby confirming those observed size differences 
Three hypotheses were developed and investigated to explain the confirmed size difference 
bet ween fish in the northern and southern regions of the western gulf. Size differences 
could be explained by (I) different growth rates; (2) age differences associa1ed with 
different spawning times; and/or (3) fish migrating from ,ioutlt to north. The first and 
second hypotheses were tested by determining the daily ages of 125 fish collected by 
trawling in both regions between November 2000 and December 2001. Length-at-age data 
allowed the growth patterns of fish aged from l C'· · ~ 357 days to be tested using 
ANCOVA, while back-calculating from these ages allowed spawning times to be 
estilltllted. Examination of the third hypothesis was attempted by tagging 3485 o+ P. 
aura/1/s in the scuthem region, followed by a trawling program to recapture tagged fish 
Length-at-age data derived from validated age estimates indicateu that while growth rates 
. . 
of o+ P. ar,ra/1/s, \ O 0-3 57 days o Id, were similar between regions, the o+ fish in the 
northern region were \ 5-l 6mm greater in length than fish in the southern region, at n 
similar age. Brick-calculated birtlt dates ofo+ P. aura/r,s showed .that spawning had · 
predominantly occurred between June and mid-August in both regions. While no tagged 
fish were recaptured during the study, indep ~ndent studies examining the spatial movement 
of P. auratu.1 in the western gulf suggest thnt O+ P. aura/us are unlikely to migrate 
between regions. Hence, the difference in length of fish between regions almost certainly 
resulted from differences in growth rates within the ftrSt few months of life (<100 days of 
age). 
A laboratory-based aquarium experiment was carried out at water temperatures of 18, 22 
and 26'(' and salinities of 36, 39 and 42%o to determine whetlter tempernturo and/or salinity 
iii 
influences growth ofo+ P. auratus. ANOVA showed that growth, in terms oflength, of 
. . . 
o+ P. auratus increased significantly nt temperatures of 22 and 26"C compared to l 8°C. 
Furthennore, in tenns of weight, growth increased significantly with each 4°C increase in 
temperature-.Jn comparison, gr01vth was higher nt salinities of39%o than at 36 or 42%. but 
only in temJS of length. Sen surface temperatures (S STs) derived from remote:sensing 
satellite data demmistrated that P. auratus experienced SSTs 2-3°C cooler in the southern 
region c·ompared to the northern region of the western gulf. In light of this, and the results 
.. . . . . . . . 
of the aquarium experiment; depressed growth of wild O+ P. aura/us in the southern region 
· was most likely due to the cooler water temperatures occurring during their first few 
months of life . 
. ·. .· . . .. . . . . . . ·. . . .· . 
. The growthffite differences between the o+ P. aura/us of the northern and southern 
regions are discussed wit1mgard to their 1ack orsignmcance tothe appucation of 
. minimum size limiB to adult P. aura/US in Shark Bay: Further implications of the 
know ledge gained from this study to management practices app Ii ed to the snapper fig hery 
.. in Shark Bay are highlighted anil\iiscussed: In particuiar, a recommendation wns made to 
modify the dates of the closed snapper-fishing season aro:ind spawning t~ July-August of. 
each year, rather than mid~Angust to September, as is currently the cnse. Knowledge gained 
from the present study is also highly applicable to any futllreP. aura/us i:esto~king 
programs in Shark Bay and may enhance the effectiveness of such projecB by identifying: 
optimal temperature and snlinity. conditio~s for ari:ific ial re~ing of snapper; favourable . 
locations, times of year and optimal fish size for releases; and providing valuable advice 
regarding tagging methods. . · 
iv. 
I certify /hat tliis thesi.s does 1wt, ta the bF.st a/my /maw/edge and belief.· 
(0 incorporate without uc/mawledgement any material previously submilled for a 
degree or diploma in any inslim//on of higher education; 
(ii) contain flny material previously published or written by another person except 
where due reference; 
is made in the texl: or 
(iii) contain any defamatory material. 
V 
Acknowledgments 
I would like to thank the snapper team at the Department of Fisheries Western Australia for 
their invaluable help during this study, espedally for help with biological sampling and the 
juvenile tagging study. 
I am extremely grateful to Glenn Hyndes and Mike Moran for their time and guidance 
. . . 
while sup~rvising my project and for their helpful comments on the draft versions of this 
thesis. 
. . 
A special thEIIlk you to Scott Beale, David Pozzari, Mike Moran, iny sister Aimee, Mum 
and Dad, Grant Liddy, JeffNorriss, Corey Wakefield, Melinda Rannldi, Ivan Ligh1body 
and Neil Rutherford for volunteering to help with my time-consuming and challenging 
aquarium experiments. Thanks also to Greg Maguire for his helpful ad vice towards the 
planning of the aquarium experiment and to the Centre for Ecosystem Management and 
Schoo! ofNarural Sciences, Edith CowM University, for assisting in fuuding this study. 
I would like to thank the Depnnment of Fisheries Western Australia for the use of their 
faciliti~s nod research vessels. Thanks also to the skipper and crew of the rescarc h vesse Is 
Flinders and Namralisre for their efficiency during the trawl surveys and to Gordan Lymn 
for h~ efforts in constructing and modifying the cod-end cover. I am also grateful to Errol, 
Heath and Travi.! Francis for their assi.!tance with the underwater cage experiment and to 
Pete Mackenzie and Ken GordonofW.A. O<:ean Park for providing P. aura/us larvae and 
juveai!cs for use in the validatiou study. Thanks also to the staff at the Fremantle TAFE 
hatchery for providing juvenile P. auratus for the aquarium experiment. 
The satellite data were acquired courtesy of the Western Australian Satellite Technology 
and Applications Consortium(WASTAC), aad were processed by Alan Pearce, CSIRO 
Marine Research. Thank you to Alan for giving up his time to he Ip me to obtain th is SST 
data. 
A flan\ big thank you to my wonderful family nod boyfriend, Scott, for their love and 
support throughout th~ study. I couldn't have fmished it without them. 
vi 
TABLE OF CONTENTS 
1,0 Introduction 
l. I. Background 
1.1. l. Growth in fishes 
I. 1.2. Influence of spawning time on size 
structure of fish populations 
1.1.3. Spatial movements of fish 
1.2. Fisheries Management 
l .2. I. The importance of managing fisheries 
1.2.2. The importance of studying juvenile fishes. 
1.3. Snapper (Pagrus aura/us) 
1.3 .I . Snapper in Shark Bay 
1.4. Aims 
1.4.1. Phase I of the study 
1.4.2. Phase 2 of the study 
1.4.3. Phase 3 of the study 
2.0 Materlllls and Methods 
2.1. Size structure of Pagrus aura/us in Shark Bay 
2.2. Age detenninntion of juven Ue Pagrus ouratus 
2.2.1. Sample collection 
2.2.2. Otolith removal nod preparation · 
2.2.3. Counting of micro-incrtments 
2 .2.4. Precision of ageing technique 
2.2.S. Validation of daily increm~nts 
2.2.6. Analysis of nge nnd length data · 
2.3. Tagging stnd y 
2.4. Aquarium eiperiment 
2.4.1. Experimental design 
2.4.2. Fish acclimation 
2.4.3. Initial fish measurement 
2.4.4. Physico-ehemicnl parameters 
2.4.S. Daily water exchange 
vii 
Page 
I 
I 
3 
3 
4 
4. 
6 
7 
8 
12 
12 
12 
13 
13 
13 
17 
17 
Jg 
20 
23 
.24 
27 
27 
29 
29 
32 
33 
34 
36 
2.4.6. Fish mortality 
2.4.7. Final fish measurement 
2.4.B. Analysis of growth _data 
2.5. Ethics approval 
3.0 Rcsulls 
3.1. Environmental parameters 
3.2. Size structure of Pagrus aura/us in Shark Bay 
3.3. Age determination of juvenile Pogrus aurarus 
3.3.1. Validation of daily increments 
3.3.2. Estimates of age and birth date 
3.3.3. Growth rate 
3.4. Tagging study 
3.5. Aquarium eic:periment 
3.5.1. Fish mortality 
3.5.2. Growth analysis 
4.0 DlliCUSS!on 
4.1. Size structure of Pagrus aura/us in Shark Bay 
4.2. Hypothesis 3: Migration 
4.3. Hypothesis 2: Birth dates 
4.4. Hypothesis I: Growth rate 
4.5. Management implications 
5,0 Summary 
6.0 References 
viii 
Page 
37 
38 
38 
39 
39 
39 
40 
46 
46 
47 
48 
SI 
51 
51 
51 
56 
56 
57 
58 
61 
66 
72 
74 
1.0 INTJIODUCTlON 
1.1 BACKGROUND 
L&ge variations in sizes of different fish species ofsimilrn: age have been well 
documented ( e.g. Svasand et al., 1996; Woods el al., ! 999; Claramunt & Wahl, 2000; 
Bangxi et al., 200 I; Paukert et al., 200 l). However, such variations may also occur 
among populations of the same species though not as widely documented (e.g; 
Kjartansson el al., 1988; Francis & Winstanley, 1989; Andersen et al., 1992; Brander, 
1995; Roni & Quinn, 199 5). Separated fish popuktions of the same species may have, 
for example, experienced different growth rates due to vnryingbiotic and/or abiotic 
factors; been born at different times of the year; or m igraled from one population to the 
other. Each of these three scenarios could resull in the separate fish populations 
exhibiting different size structures. The introduction, below, expands on these scenarios 
and discusses the related fishery management implications. Background infonnation on 
Pagrus auratus and the Shark Bay A aura/us fishery will also be presented and, finally, 
the aims of the study will be defined. 
1.1.1. Growth In fishes 
Growth in fishes is the synthesis of new tissue derived from a sufficiently high rate of 
food consumption (Wooton, 1990). The growth rate of most fish is indeterminate and 
flexible. where the same species may show varied patterns of growth in different 
environments (Wooton, 1990). Therefore, although growth patterns nre genctica!ly 
determined, external factors can cause modifications within this framework. Abiotic and 
biotic factors, such as temperature, food availability, levels of energy expenditure and 
fish density can influence patterns of fish growth (Brett, 1979; Wooton, 1990; Job Jing, 
1994). 
·:· . . 
Salinity can strongly influence growth rates of fish, particularly through osmotic stress 
(Wooton,· 1990). Since, fish exhibit optimal growth nt particular ranges of salinity, 
growth rates of fish are. often depressed when they are exposed to salinities outside this 
rnnge (Peterson et al., 1999; Berlinsky et al., 2000; lmsland eta!., 2001). However, 
such depressed growth rates are not necessarily due to changes in the rnetab~Uc costs of 
iono- and osmo-regulation. Cbanges in salinity mny also affect the ingestion of food or 
digestive and absorptive processes, whicb wonld indirectly affect growth rates (Wooton, 
1990). 
Temperature is probably the most pervasive ofabiotic environmental factors affecting 
growth in fishes. It has a controlling effect on the rate of food consumption and . 
assimilation, which affects growth efficiency (Wooton,· 1990). In genera!, growth rates 
increase with increasing temperature (e.g. Rothbard, 1978; Jobling, 1994; Oxenford et 
al., 1994; Rutherford & Houde, 1995) to an optimal temperature, above which growtb is 
depressed (Moyle el al., 2000). The influence of temperature on the growth rate of fish 
has been found to cause seasonal patterns of growth, where growth is often rap id over 
the summer months and slows down in the winter months. Such seasonal cycles in 
growth rnte directly re ftect sensonn 1 fluctuations in water tern pernture ( e.g. Paul, 1976; 
Kojima, 1981 a; Amara et a/., 1994; Sanchez-Ramirez & Flores-Coto, 1998) and are 
likely to be due to higher metabolic rates and/or increased food abundance in the 
warmer season (Weatherly & Gill, 19 87). 
The effect, of temperature on fish growth may be masked due to ]ow food availability 
(Brett, 1979; Wooton, 1990), which can have a controlling effect on growth rates of fish 
(Wooton, 1990). Fish populations with access to higher densities of food will exhibit 
higher growth rates (e.g. Oxenford et al., 1994). Food availability is closely related to 
population density (Wooton, 1990). When there is a large population of fish, food and 
space may become Umited resources that must be competed for. Hence, social 
inv.ractiilll is another factor that can further complicate the study of fish growth 
l Wooton, 1990). For instance, socially dominant fish may deny subordinate fish access 
to food and hence, the subordinate Iii ~ would grow more slowly than the dominating 
fish (Wooton, 1990). However, in some species, this phenomenon of'growth 
depensation' only occurs when thereis a shortage of food (Wooton, 1990). In contrast, 
. . 
some fish species actually feed more regularly and hence, grow faster when they feed in 
shoals, rather than beiag kept in isolation (e.g. Stirling, 1977). 
It is evident that growth patterns of fish are, to n certain extent, the result of a complex 
. . . .. .· 
interplay with the environmental conditions they experience as tiiey grow. From the 
above discussion, it is apparent that particular comb inotions of these variab \es can 
2 
influence the growth rate in obscure or opposing ways, often masking the effects of 
each other. With this concept realized, it can be appreciated how different populations 
of the same fish species can exhibit different growth rates and thus, size at a given age, 
depending on the environmentnl and social conditions to which they are each exposed. 
1.1.2 · Inftuence of spawning time on size structure of fish populations 
Variations in the size of fish with in a cob ort of a given species can be explained by the 
timing of spawning. For example, Marteinsdottir et al. (2000) found that the spatial 
variation in the size of juvenile cod was explained by age, rather than growth rate. 
Larger juvenile cod had been spawned earlier in the year, giving them more time io 
grow than the smaller, younger cod. Multiple spawning over a protracted period, or 
more than one distinct spawning within a year (Scott, 1979; Lambert & Ware, 1984; 
Bye, 19 9 0) is likely to be the cause of such age differences, with in a year class. 
The timing of reproduction in temperate fish species is considered to be controlled by 
an endogenous circannua! cycle, regulated by environmental cues (Scott, 1979; Lam, 
1983; Bye, 1984). One of the most reliable environmental cues is thought to be 
temperature {Bye, l 984). In such cases, it is possible for separate populations of the 
same species to spawn at different times of year. For example, the timing of spawning 
of Atlantic salmon (Salmo salar) varies geographically and has been attributed to water 
temperature differences between the regions (Summers, 1996; Webb &. McLay, 1996). 
Variation in spawning time between years has also been shown to be related to sea 
temperature. For example, Anderson and Dalley (2000) found that spawning of Atlantic 
cod was delayed during yea.l's of cold water temperatures and extensive ice cover. 
Such variations in spawning times within fish species, is thought to provide optimum 
conditions for newly hatched eggs and larvae (CUshing, 1990). 
J .l .3 Spatial movements of fish 
Several factors may influence the spa ti ill movements of fish from one aren to another, 
and such movements or migrations may differ both within and among species 
(Northcote, 1978; Mc:Kiiown, 1984; Metcalfe el al., 1995). Some fish migrate 
seasorially to talce advantage of favourable climatio conditions, or to avoid harsh. 
environmental conditions (McKeown, 1984; Metcalfe et al., 1995). Many marine fishes 
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move to so-called "wintering areas" because the seasonal temperatures in the feeding 
areas become too !ow (Mc Keown, l 9S4). For example, the albacore tuna (Thunnus 
gernm) are reported to follow speci fie isotherms in their migrations (Alverson, 1961 ; 
Clemens, 1963; Lnevatsu & Rosa Jr, 1963), probably cueing to temperature regimes for 
orientation {McKeown, 1984). 
Fish migrations often take place in order to locate a suitable spawning area, thereby 
enhancing reproductive success (McKeown, !984; Metcalfe et al., 1995). High 
abundance of predators may also cause fish to move out ofa particular habitat. Other 
migrations may be for the purpose of optimizing feeding (Jones, 1968; McKeown, 
19S4; Metcalfe et al., 1995), which promotes increases in growth rates, fecundity and/or 
survival of individual fish (McKeown, 1984; Metcalfe el al., 1995). Fish often exhibit 
ontogenet ic shifts in diets, where different prey sizes nnd types are required as fish 
increase in size. This shift in diet can coincide with a shift in ha bi tat to meet tne new 
dietary requirements of the developing fish (McKeown, 1984). Jn many instances, 
young fish migrate away from natal areas to arrive at feeding areas when environmental 
conditions are optimal for food production (McKeown, J 9S4; Metcalfe el a/., 1995). 
There is evidence that feeding migrations occur more frequently in temperate regions 
than in tropical area.~. a phenomenon th at is thought to be re lated to higher productivity 
in temperate regions (Mc Keown, 1984 ). 
From lhe above discussion, it is evident that knowledge of the spatial movements of fish 
can provide information about seasonal migrations, habitat requirements and 
environmental preferences of fish. Furthermore, it can be appreciated that separate 
populations of the same fish species may exhibit different size structures due to 
m igralion of fl sh between different areas. 
1,2 FISHERIES MANAGEMENT 
1,2, I The Imp orta nee of managing fisheries 
Undoubtedly, the role of management in harvesting of the world's fisheries is of vital 
importance. While fisheries are considered renewable resources, the sustainability of 
harvesting a stock is entirely dependent upon limiting the fishing pressure and avoiding 
over-exploitation (Cushing, 1975; King, 1995; National Research Council, 1999). 
4 
Managerial decisions, with regard to limiting fishing pressure, are necessarily based on 
on understanding of the life history characteristics of the exploited species (Crone, 
2001 ). Hence, intensive scientific research programs must be an integral part of 
fisheries management Fishery research provides the in fonnation that allows scientists 
to further understand fish population dyoamics and, in tum, allows opportunities to 
manage fish stocks for maxi mum yields (Iversen, 1996 ). 
Understanding the growth rates of fish species and differences in growth rates within 
species is critical to lhe management of fish stocks. At the population klvel growth 
rates affect productivity and hence, the rate at which fish populations can be sustainably 
harvested (Francis, 1994a). Differences in growth rates between populations of the 
same species can result in fish achieving sexual maturity at different sizes or ages 
(Wooton, 1990). Since size and/or age at sexual maturity are important parameters used 
for fisheries management, pnrticulnrly in relation to the application of minimum legal 
sizes (e.g. Apple ford el al., 1998), separate populations may require different fishery 
management strategies ( King, 1995). Minimum leg a 1 sizes are often used as a fishery 
management tool to allow fish to reach maturity and spawn at ]east once before being 
exploited (King, 1995). This strategy helps to maintain the spawning biomass of stocks 
( Harley et al., 2000). Hence, a greater understanding of Ii shes' growth rates and the 
. . . 
environmental factors that influence th em is an essential and valuable tool for the 
successful management ofa fishery . 
. Knowledge of the spawning characteristics of a fish species is also vital for the 
successful management of a fishery. By identifying environmental cues, which affect 
the timing of reproduction in fishes, the re nsons why a species spawns at a particular 
time of year, and perhaps, at pnrticu Jar locations, can be understood. In addition to 
providing information suitable for the management ofuatural fisheries, understanding 
the cues th at affect the timing of reproduction can he applied to aquaculture, where 
environmental manipulation provides a non-invasive fonn of reproductive control 
( Pankhurst & Pankhurst, 1989). 
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The study of spatial movements and migratory patterns of fish can yield important 
resu Its in terms of fisheries man age ment. Fish lllgging and recapture studies, for 
example, can provide essential information to iisheries manng~~~·with regard to stock 
identification. 
1,2,2 The importance or studying Juvenile fishes 
Most studies examining growth rates of commercially valuable fish species have 
concenlrated on the exploitable part of the population, which usually consists of sub-
adult or adult fish (e.g. Paul, 1976; Barger, I 985; Golani et al., 1988; Tarranger el al., 
1991: Winters & Wheeler, 1994). Fewer studies have examined age or growth in 
juvenile fish, even though their faster growth rates mnke them ideal for such studies 
{Francis, 1994a). 
Know ledge of growth rates can lead to important insights about the factors affecting 
recruitment of juveniles to the exploitable adult stock. Early life survival for fish is a 
function of growth and mortality ( Houde, 198 7 ), where individuals experiencing rapid 
growth will achieve a larger body size at a given age and ti, us, spend less time at 
vulnerable sizes which will enhance their ability to avoid predators (Bailey & Houde, 
1989; Fuiman & Magurran, 1994; Sutliers, !995). It follows that small, inter-annual 
differences in growth rate during the early life stages wiU alter survival at these stages 
and thus, generate large, annual fluctuations in recruitment to the fishery (Houde; J 987; 
Rooker el al., 1999). Hence, understanding growth variability during the early life of 
fish, and the factors affecting it, has been a major area of interest for fishery scientists 
and managers in the hope that knowledge of such processes may lend to the ability to 
predict changes in stock biomass (Megrey, 1989; Hilborn & Wailers, 1992). In terms of 
fishery m nnagemen t, know ledge of juvenile growth rates is also v11luab le for predicting 
tlie period oft i me it tnkes for young fish to _reach legal fishing size, or to reach maturity 
and to contribute to the species' breeding stock (Weatherly & Gill, 1987; Iversen, 
1996). 
Studies of the growth of juvenile fish require know ledge, or an estimate, of the fish's 
age. Juvenile fish can br. aged hy enumerating the growth micro-increments oo their 
otoliths, which are bony structures that function as mechanoreceptors of the fishes' 
inner ear (Panella, l 971 ). These micro-increments have been fmmd to be deposited on a 
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daily ba ·is for many fish species and have been used extensively in recent years to 
determine ages (in days), of juvenile fish (Panella, 1971; Campana & Nielson, 1985; 
Jones, 1986). By ageing juvenile fish, it is also possible to detennine through back· 
calculations when the adult fish must have been spawning. By cor.1paring calculated 
spawning dates with observed spr.wning date distributions, evidence of unsuccessful 
spawning, in part oflhe spawning season, may be provided (Hovenkamp, 1991) and 
insight into the factors that influence survival of fish eggs and lsrvae may also be 
gai:ied (Francis, l 994b). 
1,3 SNAPPER (PA.GRUS A.URATUS) 
Pagrus aura/us (Bloch and Schneider, 1801) (Pisces: Sparidae) is widely distributed 
throughout warm, temperate waters of Australia, New Zcal~'ld, Philippines, Indonesia, 
China, Taiwan anc! Japan (Paulin, 19.0 0), where it fonns important commercial and 
recreational fisheries. In Australia, P. aura/us is found in demcrsal habitats along the 
southern half of the continent b~tween Exmouth Gulf in Western Australia and southern 
Queensland (Kailola el al., 1993). 
While P. uurarus hns previously been identified as Chrysophrys rmrarus (Australia and 
New Zealand), Chrysophrys unjcolor (Australia) and Chrysophrys major ~.n(i Pagrus 
major (Japan), it is now considered to be one species (Paulin, 1990). Hence, throughout 
this thesis, 'P. aura/us' will be used in place of the above mentioned synonymous 
species names. In Australia and New Zealand, the common name for P. aura/us is 
"snapper", though it is technically a sea bream (family Sparidae), rather than a true 
snapper (family Lutjanidae ). Throughout this thesis, "snapper" is interchangeably used 
with "P. auratus". 
Snapper are long-lived, slow-growing fish and are opportunistic, benthic predators 
feeding on ~rustaceans, polychaetes, molluscs and other fish (Winstanley, 1983 ). Adult 
snapper exhibit highly variable growth rates across their distribution (Pan], l 976: Paul 
& Tarring, 1980; Hom, 1986a; Francis & Winstanley, 1989), which has been speculated 
to be attributable to differences in habitat and food abundance (Francis & Winsum ley, 
\!189). 
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Sn npp er are serial spawners th nt produce batches of eggs daily dlliing an extended 
spawning season (Crossland, '977; Scott & Pankhurst, 1992; Scott et al., 1993). The 
commencement of spawning of snapper differed between regions in Japan and was 
attributed to differences in water temperature, where p opu lntions experiencing wanner 
waters spawned ear lier ( Koj imn, 1981 b; Foscarini, 19 8 8). Similarly, Francis ( 1994 b) 
reported that P. aura/us in New Zealand spawned earlier in the year when spring water 
temperatures were higher than average. 
. . . 
In New Zealand and Japan, extensive research has been conducted on juv'enile P. • 
auratus. Knowledge oflarval and juvenile biology, migration, growth raies and 
mortalities, distribution and abundances, and correlation of environmental factors with 
growth and development has been gained (e.g. Fllkubara, 1985; Tanaka, 1985; Horn, 
l 986b: Foscarini, 1988; Fukuhnra, 199 I; Francis, 1992; Francis et al., 1992; Francis, 
1 r•!l3,] 994a, 1995). 
Nursery habitats for snapper have been found to occur in rocky, near-shore areas 
(Klngett & Choat, 1981; Hom, l 986a), while other studies have reported that O+ 
snapper (fish in their first year of life) prefer "fine sand" habitats (Azeta el al., 1980; 
Hanabuchi, 19 80; K-Oj im n, l 981 a; Sudo & Azeta, 1983). Young P. aura/us in Japan are 
also reported to display ontogenetic migrations to new habitats, where larger and more 
numerous aggregations of their main prey, Arcartia copepods, occur (Tanaka, 1985). 
1.3 .I Snapp er In Shll rk Bay 
Similar to elsewhere, snapper are highly regarded among commercial and recreational 
fishers throughout Western Australia and are heavily targeted by both fishing sectors, 
particularly in the Shark Bay region. Commercial fishing for snapper from the Shark 
Bay region is well established, taking up to 75% of Western Australia's total snapper 
catch and generating over $2 million per annum. Intense fishing pressure by 
recreational fishers led to 25 tonnes of snapper being taken from the inner hays of Shark 
Bay during 2000/200 I (Sumner & Malseed, 200 I). This large annual catch is reflective • 
of the fishing effort applied to the snapper stocks in that year; 35 000 fisher days (one 
fisher day eqi;als one person fishing for any part ofa day) (Sumner & Malseed, 2001). 
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Shark Bay is a large embayment, of approximately 8000km2 (Logan et al. , 1970), 
situated between approximately 24°45'-26°40'S and l 13-l 14°15'E on the western coast 
of Australia (Figure 1.1 ). An internal barrier formed by the north-trending Peron 
Peninsula divides the water body into two gulfs, the eastern gulf and the western gulf 
(Figure 1.1 ). 
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Figure 1.1: The Shark Bay region on the coast of Western Australia showing the 
eastern gulf, western gulf and outer bay region. 
Shark Bay is a unique marine environment with very little rainfall and negligible 
freshwater input. Mixing of the waters of the outer and inner bays is considerably 
restricted by sills and narrow channels that exist across both the gulfs (Logan et al., 
1970). The shallowness of the bays (average of 10m depth), combined with high rates 
of evaporation, leads to the existence of metahaline ( 45-48 parts per thousand, %0) and 
hypersaline (60-65%0) conditions in the lower reaches of the western and eastern gulfs, 
respectively (Logan et al., 1970). A decreasing salinity gradient exists in a northerly 
direction from these lower reaches to the opening of the bays, where salinity reaches 
normal seawater levels (36-37%0) (Logan et al., 1970). The extreme shallowness and 
low levels of mixing with oceanic water that occurs in the lower reaches of the gulfs 
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also cause dramatic, seasonal fluctuations in water temperature, relative to the more 
oceanic and deeper waters of the northern regions of the bays (Logan el al., 1970). 
In recognition of the important snapper fishery in Shark Bay, the Department of 
Fi~heries Western Australia conduct extensive research on the biology, reproduction, 
movements, genetics and annual spawning biomass of the adult snapper in Shark Bay 
(G. Jackson, Dept. Fisheries W.A., pers. comm.). Hence, the snapper fishery of Shark 
Bay is well documented (e.g. Johnson el al., 1986; Edmonds et al., 1989; Williams el 
al,, 1993; Moran et al., 1998: Edmonds el al., 1999; Bastow et al., 2002; Jackson et al., 
2003). 
Three separate stocks of P. aura/us have been identified in Shark Bay, Western 
Australia. Tagging (Moran, 1987, Norriss and Jackson, unpublished data), otolith 
microchemistry (Edmonds el al., 1989; Edmonds el al., 1999; Bastow et al., 2002), 
genetics (Johnson el al., 1986) and morphometric (Moran et al., 1998) studies have 
indicated that snapper stocks of the western gulf, eastern gulf and outer bay region of 
Shark Bay (Figure 1.1) e,chihit very little mixing. The identification of discrete snapper 
stocks is vital to the successf\Jl management of!he Shark Bay snapper fishery. Without 
replenishment of the inner bay stocks from each other or from the outer bay region, 
there is a real possibility that the inner gulf stocks of Shark Bay could become seriously 
depleted. Management approaches and strategies for this fishery are necessarily based 
on the knowledge of the stock structure. This situation provides a good example of how 
knowledge of the spatial movements ofa fish species provides essential i11fonnation for 
!he successful management ofa fishery. 
The current management of snapper fishing in the inner gulfs of Shark Bay is based oo 
separate total allowable catches for each management area and a combination of 
mi11imwn and maximum legal sizes, recreational daily bag limits, 'management' tags 
(southern region of the western gulf only) and temporary fishing bans (G. Jackson, 
Dept. Fisheries W.A., pers. comm.). Temporary snapper-fishing barn; have previously 
been applied in the southern region of the western gulfofShark Bay to protect the 
species from depletion (Jackson et al., 2003). The combination of snapper aggregating 
IIDd feeding aggressively while spawning renders them extremely vulnerable to over-
fishing during this time (M. Moran, Dept. Fisheries W.A., pers. comm.). Hence, the 
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mentioned fishing bans are applied in an attempt to protect these fish from fishers and 
to allow them to reproduce. 
Much less time and effort has been dedicated towards researching juvenile, rather than 
adult, P. auratus of Shark Bay. Know ledge of the growth rate, age structure, and spatial 
movements of juvenile A auratus would be valuable, in terms of managing the snapper 
fishery of Shark Bay. For example, in 2000-2001, the Dept Fisheries W.A considered 
re-stocking a region ofinner Shark Bay with artificially-reared juvenile P. auratus (G. 
Jackson, Dept. Fisheries W.A., pers. comm.). Withciut any prior studies of the natural 
growth rates or mortality ofwildjuvenile snapper, it would be difficult to assess the 
success, in terms of growth and survival, of the released artificially-rearedjuveniles. 
Furthermore, without any knowledge of juvenile snapper movements within the bays, 
the re lease of a I arge number of reared juvenile snapper may prove ineffectual if for 
example, the juveniles migrate out of the area that is supposedly being re-stocked. 
There is thus, a c\earnelld to gain further knowledge of juvenile snapper growth rates 
and spatial movements within Shark Bay, particularly if any re-stocking programs are to 
proceed in the future. . 
The only research previously conducted on the juvenile snapper of Shark Bay consists 
of annual traw I surveys of the inner gulfs that have occurred since 199 8. These surveys 
aim to estimate the distribution and abundance of the juvenile snapper in Shark Bay, 
while also collecting length-frequency data. Very limited analysis of the trawl data bas 
been performed, nlthough an interesting observation was m nde. It was noted during 
several of the trawl surveys, that O+ P. aura/us in the northern region of the western 
gulf, were g~nerally larger than those in the southern region. 
There was a clear need to further verify this observed size difference ofO+ P. auratus 
within the western gulf, and to determine the likely causes. As previously mentioned, 
research and hence, knowledge of wild juvenile P. auratus in Shark Bay had, at the 
beginning of this study, been very !imited and, so, any explanations offered ns.to the 
. .. . 
cause of this phenomenon were merely speculation. As discussed above (Section I . 2. I), 
managers of fisheries use parameters, such ns size at sexual maturity, when deciding on 
fishing regulations, e.g. minimum size Ji mits. If the snapper of the northern and 
southern regions within the western gu If, differed in age or growth rate they may reach 
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sexual maturity at quite different sizes or ages nnd hence, would require the application 
of separate management strategies. 
1.4 AIMS 
A broad and general aim of this study was to gnin further knowledge and understanding 
of the population biology of juvenile snapper in Shnrk Bay, Western Australia. This 
study focused on the western gU!f ofShnrk Bay and investigated the possible reasons as 
to why differences in size of fish exist between the juvenile snapper of the northern and 
southern regions within this gUlf. 
The project consisted of three phases. The first phase was to verify that the observed 
size difference in fish between the two regions was consistent over time, and the second 
phase was to determine whether such differences were related to differences in: ( I) 
adult spawning times; (2) juvenile growth rates; or (3) migration of juveniles from one 
region to another, The third phase of the study was to explore why the most likely cause 
was affecting the juvenile snapper of Shark Bay in such a way ns to produce the noted 
size difference between the two regions. · 
1.4.1 Phase 1 of the study 
Firstly, it was necessary to verify the observed size difference in O+ fish between the 
northern and southern regions and to show that any differences were consistent over 
time. 
1.4.2 Phase 2 of thestudy 
To address what was causing the length difference in O+ snapperbetween the two 
regions, three pos~ible hypotheses were developed and tested: 
Hypothesis I: The size difference between the two regions is due to growth rate 
differences. This would indicate that one or more factors, e.g. salinity or temperature, 
differ between the northern and southern regions, and influence the growth rates of 
juveniles, causing the n Qrthem juveniles to grow faster than the southern juveniles. 
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Hypothesis 2: Juveniles in the north are simply older than juveniles in lhe south due to 
an earlier birth date, giving the northern fish more time to grow. 
Hypothesis 3: The juveniles in the southern region migrate northwl!fds as lhey grow, 
resulting in larger fish being present in the northern region. 
Note that lhese three hypotheses are not m utual\y exclusive. More than one of these 
hypotheses may be accepted. 
1.4.3 Phase 3 of the study 
Once Phase 2 of the study was completed, Phase 3 of the study entailed conducting a 
laboratory-based aquarium'experiment to investigate the effect of water temperature and 
salinity on the growth of j uve11i\e P. auratus. 
2.0 . MATERIALS AND METHODS 
. . . ·: .. 
2,1 ·. SIZE STRUCTURE OF PA GRUS AURATUS IN SHARK BAY 
.·· . . . . .··· 
The aim of the first part of the study was to substantiate the observed size differences of 
juvenile Pagrns auratus between two regions of Shark Bay, and to determine whether 
such differences were consistent over time. 
Juvenile snapper were collei:ted by trawling in the northern a11d southern regio11s of the 
western gulf of Shark Bay. Trawling could only be conducted in l!feas where the depth 
was greater than seven metres and the substratum was not rocky. The traw!able area in 
the western gulf is naturany split into northern and southern regions as 111uch of the 
grounds between these regions 11te shallow (Figure 2.01) or rocky. 
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Figure 2.01: Bathymetry of Shark Bay, Western Australia. 
Juvenile snapper were collected from both regions in November 2000 and February, 
May, September and December 2001. Fish were sampled at night using twin otter-trawl 
nets deployed from the Dept. Fisheries W.A.'s R.V. Flinders (November 2000-May 
2001) and R.V. Naturaliste (September - December 2001). Each trawl was conducted 
over 20 minutes at a speed of approximately three knots, which equated to a distance of 
approximately one nautical mile per trawl. 
Each otter trawl had a head rope length of 1 lm and two otter boards with dimensions of 
1.8 x 0.9m. The net consisted of 50mm and 45mm stretch mesh in the wings and 
codend, respectively. A finer mesh cover (20mm) was sewn outside the existing codend 
on the port-side trawl to reduce the number of small fish escaping through the codend. 
During each survey, the catches from both the inner and outer net on the port-side, were 
combined to represent the size of juvenile snapper at each trawl location. 
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Trawls were located within a total area of approximately 1000km2 to cover a significant 
part of the trawlable grounds in the two regions. The two trawl areas were separated by 
approximately 100km. During each survey, approximately 13 shots were conducted in 
each region (Figure 2.02). 
N 
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Figure 2.02: A map of Shark Bay showing the trawl locations during each trawl survey 
of the study. 
After each trawl, all snapper were sorted from the catch and their length to caudal fork 
(LCF) was measured to the nearest centimetre. Where possible, a sub-sample of 
approximately 30 O+ snapper were frozen in labelled, plastic bags for future processing 
and ageing at the laboratory. O+ fish were distinguished from 1 + fish by observing the 
bimodal length distribution of O+ and 1 + snapper, present in many trawls (see Results 
3.2). These snapper were selected using a stratified random approach to ensure that the 
entire size range of O+ snapper collected in the trawls was represented. The number of 
fish selected in each size category ( 1 cm intervals) was chosen to reflect the relative 
proportions of fish in each size category from the total catch for that trawl survey. 
Due to limitations in the sampling procedure in December 2001 , the smaller mesh could 
not be used. A snapper-size selectivity relationship for the larger-mesh net, determined 
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from the previous survey data (Figure 2.03), was used to estimate the abundance of the 
different size groups of snapper that would have been caught in the outer net. This 
selectivity relationship was applied to the port side catch of the December 2001 survey, 
so that the field-measured lengths of the snapper were converted to a more accurate 
representation of the snapper abundance at each trawl location. These values could be 
used for comparisons of length distributions among all sampling periods. 
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Figure 2.03: The snapper size selectivity of the larger-meshed, inner trawl net. Only 
snapper over 100mm LCF were completely retained by the net. 
Length distribution data of the O+ fish were also compared among years for fish 
collected by the Dept. Fisheries W.A. during November/December in each of the years, 
between 1996-1999. Population growth rate was estimated by observing the progression 
of modes over time for both regions. The boundaries between the O+ and 1 + modes 
were determined visually. 
During each trawl, the depth (to the nearest O. lm) and salinity (to the nearest 0.1 %0) 
were recorded. Note that due to limitations in equipment availability and reliability, 
salinity could only be recorded during the last three sampling trips. 
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Sea surface temperatures ( SSTs) for the northern and sou them regions were derived 
from NOAA AVHRR (Advanced Very High Resolution Radiometer) satellite data (see 
Pearce el al., 1989). A cloud-free pass was selected for the middle of each month 
between June 2000 and May 2001, and a block of full-resolution SSTs extracted The 
northern block covered the area 25° 40' to 25" 48' S, 113° 12' to 113" 18' E (8 by 6 
pixels), and the southern block covered the area 26° 19' to 26" 25' S, 113° 20' to 113° 
30' E (6 by 10 pixels). The SSTs were computed using the NON-Linear SST algorithm 
for NOAA-I 6, and the average and standard deviation for each block were derived. The 
accuracy of the derived temperatures is effectively between 0.5 and 1°C (A. Pearce, 
CS. LR.O Marine Research, pers. comm.). Note that SST is a valid icdication of bottom 
temperature (within 1°), within ihe bays of Shark Bay (Dept. Fisheries W.A., 
unpublished data). 
2.2 AGE DETERMINATION OF JUVENILE PAGRUSAURATUS 
Hypothesis I (size difference is.due to growth rate differences) and Hypothesis 2 (size 
difference is due to age differences) were tested using the fol!owing methods. 
2,2, l Sample Collection 
Due to the variability in catches between the northern and southern regions, uneven 
samples were retained for ageing purposes.· Between 4 and 30 o+ snapper were .. · 
co!lected for ageing purposes from the northern region, while 20-26 fish were collected 
from the southern region in November 2000, Februery and May 2001 (Table 2.1). These 
snapper were measured to the nearest mm. Shrinking of juvenile snapper following 
freezing and thawing is negligible (Francis, 1992), so no length corrections were made. 
Snapper were not aged from the September and December 200 I sampling trips, as no 
0+ snapper were caught in the northern study region (see Results 3.2). 
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Tab le 2.1 : Numb er offish processed for ageing studies for each region and sampling 
occasion. 
Region 
Date of trawl survey NW SW 
Nov 2000 4 20 
Feb 2001 30 25 
May 2001 20 26 
Total 54 71 
2.2.2 Otollth removal and preparation 
The pair ofsagittal otoliths from each juvenile snapper was removed.from each fish's 
head to examine the growth micro-increments from the core of the otolith toits margin. 
Sagittal otoliths were chosen for use over the other oto\ith pairs as they have been used 
successfully for ageing of juvenile P. aurams in New Zealand (Francis et al., l 992; 
Kingsford & Atkinson, 1994; Francis, J 994b). ln additiou, since the sagittal otoliths are 
the largest of the three pairs of otoliths, they can be easily seen and removed with fine 
tweezers. Once removed, the otoli ths were rinsed well in a water bath to re111ove any 
organic materi a I and then dried with paper towel and stored in labelled, paper 
envelop es. In the case of very small otoliths, they were p !aced in ge Jatin capsules before 
being stored in envelop es. 
· One sagittal otolith from each pair was randomly selected for further processing. Prior 
to embedding, the core and sulcal groove (Figure 2.04) were accurately marked under a 
dissei.:ting microscope (SOx magnification), using a sharpened pencil. This preparation 
was to ensure precise transverse sectioning and optimal readability of the otolith. 
. Each oto lith was then placed sulcus downwards onto a thin layer of hardened resin ( low 
· viscosity epoxy resin FR 251 ), which was covering the bottom ofan ice cube mould. A 
small printed identification label was placed alongside and then each otolith was 
. covered with fresh resin. Once the resin was cured (2448 hours), a permanent pen wa~ 
used to mark a line on the resin, perpendicular to the existing pencilled•line on the 
· sulcal groove, under the dissecting microscope. 
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Since transverse sections have been shown to produce clear increments and were easier 
to grind through the core for otoliths of New Zealand O+ P. auratus (Francis et al. , 
1992), this procedure was used to prepare the otoliths for micro-increment analysis in 
the present study. A transverse section approximately 200µm thick of each embedded 
otolith (Figure 2.04), was taken using a Buehler Isomet low speed saw fitted with a 
diamond, wafering blade. The section was then polished on either side for 30 seconds 
with wet/dry 9µm lapping film . 
ventral anterior 
sulcus 
posterior 
Figure 2.04: A schematic diagram of a typical sagittal otolith showing the transverse 
sectioning plane which is perpendicular to the sulcus ( edited from Secor et al. , 1992). 
Each otolith section was mounted on a slide, using glycerol as a clearing agent, and 
each side viewed with a compound microscope (Olympus CH) at lOOx magnification. 
The side on which the core was closest to the surface was then manually sanded with 
wet 30µm lapping film for 1-2 minutes, before being re-mounted on a slide and 
inspected to determine whether the core had reached the surface. This procedure was 
repeated, using progressively finer lapping film (30 - 9µm) , until the core region and 
inner growth increments were clearly identifiable. If, after initial polishing, it became 
evident that the section did not contain the core of the otolith, then that section was 
discarded and the second sagittal otolith for that fish was processed. 
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After completing the polishing of the first side of the otolith, the section was glued, 
polished-side down, to a glass microscope slide using thennoplastic cement The 
alternate side of the otolith was then polished. Aspecifica!ly designed hand-held chuck 
was used to hold the glass slide onto the chuck using water tension which ensured eveo 
polishing of the second side of the otolith. Polishing continued until the core region 
could be viewed clearly and individual growth increments close to the core identified. 
The final thickness of the otolith section varied between 50 and 150µm. 
2.2.3 Counting or micro-increments 
Otoliths were examined in random order and without reference to fish length or date of 
capture. The growth micro-increments were nil counted under 1000:t magnification 
under a compound microscope, using glycerol as a clearing agent. Identification and 
counting of the micro-increments was aided by a phase contrast control attachment. 
Preliminary processing of P, aura/us otoliths established that an abmpt change in the 
pattern and axis of the growth increments occurred after approximately 20 increments 
from the core. The very first growth increments appeared to grow out from the core 
region in a circular pattern and then became more stretched dorso-ventrally ,forming an 
oval shape, after approximately eight increments (Figure 2.05). These oval-shaped 
increments persisted to a point between 17 and 24 increments from the core (mean: 20.4 
increments, S.E. ::Q.29, n=38), after which the pattern of increment growth changed 
markedly to dark and more widely spaced bands (Figure 2.05). This pattern WllS present 
in all sagittne examined, and hns also been reported in New Zealand juvenile P. auratus 
(Francis era/., 1992). This point of change is referred to as the 'metamorphic' or 
'settlement' mark corresponding with the time that fish metamorphose from the larval 
to juvenile stage (Tsuji & Aoyama, 1982; Francis et al., 1992) and is well known in 
other species (e.g. Campana, !984; Fowler, 1989; Thorro!d & Milicich, 1990). From 
hareon the growth increments deposited before this mark will be referred to as pre-
metamorphic increments and those deposited after the 'metamorphic mark' will be 
referred to as post-metamorphic growth increments. 
The post-metamorphic micro-increments were counted from the 'metamorphic mark' 
along the dark brown, curved strip, referred to as the sagitto-subcupular meshwork 
fibres (SMF) (Francis el al., 1992), to the margin of the oto\ith (Figure 2.05). 
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Occasionally, counts could not be a~complished along the SMF due to portions of 
obscure micro-increments. By maneuvering around the otolith, using the microscope 
stage-position knobs, clearer paths of micro-increments could usually be found. The 
growth increments were enumerated using a hand-held dicker-counter, and to keep 
track of which increment was last counted, a small, light spot in the shape of an arrow 
(teaching aid) WM projected onto the view. 
Further fine polishing was required to view the pre~metamorphic ini:rements clearly. 
However, obtaining a count of the pre-metamorphic growth increments was difficult 
and excessively time consuming. Since the variance in pre-metamorphic counts, among 
fish in a sub-sample of 19 fisb, was small (average: 20.42 ± 0.39S.E., range: l 7-24), 
pre-metamorphic increment counts were only performed on these otolithsections. The 
pre-metamorphic counts that were made did not differ between the northern and 
southern study regions {independent samples t-test: p = 0.056) and so 20 increments 
were added to post-metamorphic counts for those snapper whose pre-metamorphic 
counts were not attempted. Note that Francis {1994h) also reported difficulty in 
consistently processing otoliths for pre-metamorphic counts. Furthermore, greater 
variability in pre-metamorphic increment counts (range: 17-31, n = 95) was reported by 
Francis (1994a) who estimated pre-metamorphic counts for individuals by applying an 
observed relationship between date ofbirtb and pre-metamorphic count (approximate 
l~rval period). 
The pn.1-metamorphic count (actual count or average count) of each fish was added to 
its post-metamorphic count to obtnin an age in 'dnys'. However, an additional day was 
added to each fish's age to account for the 1~2 day pefiod between hatching and 
initiation of increment deposition inP. aura/us (Fl'nncis eta!., !992). While a 
significant negative correlation between larval duration (pre-metamorphic count plus I) 
and SST explained 63% of the variability in larval duration in New Zealand (Francis, 
1994 b ), this was not observed in this study. Thus, SST did not need to be con~idered 
when adding the pre-meta_morphic counts to the post-metamorphic counts. 
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Figure 2.05: Micro-photographs showing the core region (C), metamorphic mark, 
growth increments and SMF region (sagitta-subcupular meshwork fibres) of a prepared 
otolith section, taken from aP. auratus oflength 101mm LCF. 
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Post-metamorphic growth increments occasionally became difficult to count for P. 
auratus over the length of 110mm LCF. That is, the outer increments were generally 
faint, narrowly spaced and often impossible to resolve with a light microscope. In these 
cases, the processing of the second otolith for that fish usually permitted an increment 
count to be made. If an increment count was still not possible, another fish of the same 
length was aged from the same trawl survey sample. 
2.2.4 Precision of ageing technique 
Each pre- and post-metamorphic reading was performed a second time, without 
reference to the first reading for that fish. The two readings were always within 10% 
(range: 0 - 9%) of each other and the coefficient of variation between Readings 1 and 2 
was 2.36% indicating a high degree of precision between readings, relative to published 
ageing studies (Campana, 2001). The goodness of fit in the regression between readings 
1 and 2 was high (r2=0.995) (Figure 2.06) . As a result, an average was taken as the final 
count. 
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Figure 2.06: A comparison of Reading 1 and Reading 2 of each snapper aged in the 
study (r2 = 0.995). 
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2,25 Validation of daily Increments 
The ageing method used in this study assumes that the micro-increment deposition rate 
is daily, Daily increments have been validated in studies of reared snapper larvae and 
pre-settlement juveniles up to approximately 40 days o!d in New Zealand (Kingsford, 
1986; Atkinson, 1987) and Japan (Tsuji & Aoynma, 1982) and up to 100 days for 
Australian-reared snapper (Francis el al., 1992). Francis et al. (1992) also validated 
daily increment formation in wild New Zealand P. auratus up to an age of 160 days: 
However, no studies have investigated the micro-increment deposition rate in Western 
Australia's juvenile P. auratus and hence, it was necessary to validate daily periodicity 
of micro-increment formation in juvenile P. auratus :from Shark Bay. 
The first validation method attempted was based on the capacity o fbones, such as 
otoliths, offish to incorpornte fluorescent marker dyes (Meunier, 1974). Juvenile A 
aura/us were firstly collected using a similar trawl method as outlined in Section 2.1. 
Since juvenile snapper can have n low survival rate after trawling and handling (Hom, 
1986a), a canvas codend was used to line one of the traw I nets ( starboard side) ( Plate 
2. I). This allowed water to be retained in the net, thereby minimising damage to fish 
that were caughi in the net 
A randomly-selected sample of SO fish was retained for the study and m ensured to the 
nearest mm. The snapper were then immersed in a 250L container ofwell-aera ted, 
Alizarin Red seawater solution (I 00mg L'1). for 24 hours. Marker dyes such as Alizarin 
Red are deposited at nil sites of calcification, forming a 'label' nnd providing a precise 
tempera\ and spatial mark in the structures (Weatherly & Gill, 1987). The snapper were 
· then transferred io one of two cylindrical, sea cag~s (0.9ni dinnteter) and lowered gently 
to the 8ea bottom where SCUBA divers secured them to the substrate with star pickets 
nnd rope (Plate 2. 2). 
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Plate 2.1: The starboard-side trawl net aboard the R.V. Naturaliste showing the white 
canvas codend lining. 
The snapper were kept in this cage for 30 days and divers fed chopped prawns and 
pilchards to the snapper each day. At the end of the 30 day period, the cage was pulled 
up and the snapper euthanased with Benzocaine (1 %) and frozen. Due to unforeseen 
circumstances, the sample of snapper was lost and thus, their otoliths were not available 
for examination. Due to the remote location of the study area and the expense to repeat 
this exercise, this part of the study could not be repeated. Viewing of the mark, provided 
by the Alizarin Red stain, would have determined whether the number of increments 
formed outside the mark matched the number of days since the day of staining. 
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Plate 2.2: Underwater snapper cages were secured to the substrate as part of the daily 
increment validation study. Note the plugged PVC ' feed pipe' where food was pushed 
through daily. 
The second attempt to validate daily increment formation involved ageing known-age 
P. auratus firstly, from a hatchery in Shark Bay (Ocean Park) (known ages: 31 days, n 
= 4; 87 days, n = 10) and, secondly, from a hatchery in Perth, Western Australia 
(Fremantle Maritime Centre) (110 days, n = 15). Each otolith was coded so that the 
reader did not know the true age of the fish. Before increment counts could be 
compared with known-age, artificially-reared snapper, the time of first increment 
deposition must be determined and taken into account. Since first increment formation 
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in P. aura/us occurs one to two days after hatching (Francis el al., 1992), increment 
counts from known-age snapper were increased by one to provide an estimate of their 
age. A comparison of the number of micro-increments on the sagittal oto!ith (plus one) 
with the known age of the snapper provided infonnation about the periodicity of the 
micro-increment fonnation. 
Popn!ation growth rates ofO+ P. auru/u.1 as calculated from modal progressions in the 
trawl catch length frequencies (see Results 3.2) were compared witlt Ute average daily 
growth rates offish sampled from these modes, as calculated using otolith growth 
increment counts. Close agreement be!wecn these growth rates would support the 
hypothesized daily periodicity of the growth increments in P. aura/Us. 
2.2.6 Analysis of age and length data 
An approximate birth date was calculated for each P. aura/us aged by back-calculating 
its estimated age from its capture date. Since the time between spawning and batching is 
36-48 hours at 18-21°C (Cassie, 1956a; Crossland, 1980; Pankhurst el al., 1991), ruJ 
extra two days were added to the back-calculation. 
Differences in the length (LCF) at age of snapper in the northern and southern region of 
Shark Bay were tested using ANCOVA. Age (in days) was the covariate, length the 
dependent variable and region the factor. To estimate mean growth rate for each 
individual fish aged in the study, fish length was divided by fish age. 
2.3 TAGGING STUDY 
To test Hypothesis 3 (the size difference between the two regions is caused by 
migration of juvenile fish from the southern region to the northern region), O+ P. 
aura/u!/ were caught in trawls on 14-JS'h December 2001 in the southern study region 
using methods described earlier (Section 2.1 ), tagged md released. The location of the 
trawling (26° 21.45'S, 113° 42.79'E) was based on the high catch rates ofO+ fish at this 
location during previous trawl surveys. The canvas codend, described earlier (Section 
2.2.5), was used to help increase tbe survival of trawled fish., As a trawl was hauled, the 
trawl net was hoisted directly above two empty 300Lcontainers (Plate 2.1) in which the 
catch and water within the codend were gently released. O+ snapper were tlien captured 
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using large scoop nets and transferred into well-aerated 20 L holding buckets. Once all 
of the snapper had been sorted from the large containers, the by-catch was released back 
into the ocean. 
Snapper were then collected from the holding buckets using small scoop nets and their 
lengths (LCF) were measured to the nearest mm before being tagged using non-
labelled, t-bar anchor tags (15mm in length). A tag was inserted into the dorsal 
musculature, behind the dorsal fin rays (Plate 2.3), of each fish using a needle-insertion 
gun. This ' anchor ' tagging method is a standard procedure used in many fish tagging 
studies (Waldman et al., 1990). 
Plate 2.3: O+ P. auratus with at-bar, anchor tag (15mm in length). 
Only snapper of :'.S l l cm LCF were tagged as fish in this length range correspond to O+ 
fish (see Results 3.2) . Snapper that were damaged or appeared unhealthy were not 
tagged and were released back into the bay. Healthy fish were tagged as quickly as 
possible to reduce stress and subsequent mortality. After being tagged, the snapper were 
placed into well-aerated recovery buckets and then gently returned to the bay. Larger 
fish (70-1 IOmm LCF) were more robust and, generally, recovered more quickly after 
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handling. Sbt trawls were completed over two nights with trawls carried out at least 
300m from any other trawl. A total of3485 O+ P. auratuswere tagged and released. 
Of the tagged snapper, 200 were kept overnight (10 hours) in a flow-through, seawater-
holding tank to assess their survival after the tagging procedure. After this period, all 
snapper appeared healthy and their tags were still secure. Fish were subsequently 
released back into the bay. 
In an attempt to recapture tbe tagged snapper, a trawl survey was conducted six months 
later (July 2002) over both the northern and southern regions. If juvenile snapper were 
migrating northwards as they grew, one would expect a proportion of the tagged fish to 
be recaptured in trawls conducted in the northern region. All of the snapper caught 
during this later trawl survey were checked for tags before being measured. In addition, 
commercial prawn boats, which operated in Shark Bay, were ~P.nt letters requesting that 
nny juvenile snapper by-catch in their trawls be checked for the presence oft-bar tags. If 
they found a tagged juvenile snapper, they were to note the location nnd date and freeze 
the sample in a labelled plastic bag. 
2.4 AQUARIUM EXPERIMENT 
2,4,1 Experimental Design 
The effect of temperature and salinity on the growth rate of juvenile snapper was tested 
using a laboratory-based aquariwn experiment. The experiment comprised nine 
treatments incorporating all combinations of three temperatures (18, 22 and 26°C) and 
three salinities (36, 39 and 42%o) (Table 2.2). These temperatures and salinities were 
chosen to cover, as closely as possible, the natural range of temperature and salinity in 
the western gulfofShark Bay. While the upper natural salinity limit in the study region 
approaches45%o, high fish mortality mies were observed when fish were being 
acclimatized to this salinity. Hence, the upper salinity level being investigated in this 
experiment was reduced to 42%.. 
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Three replicate aquaria were used for each of the nine treatments. All 27 aquaria, 
comprising the various treatments, were arranged in a randomized grid-like pattern 
(Plate 2.4) in an air-conditioned aquarium room at the West Australian Marine Research 
Laboratories. 
Table 2.2: Design of the aquarium experiment testing the effect of salinity and 
temperature on the growth of juvenile pink snapper. The numbers indicate the number 
of replicates in each of the nine different treatments. 
-------
SALINITY 
T 36o/oo 39o/oo 42o/oo 
E 
M 
p 18°C 3 3 3 
E 
R 
A 22°c 3 3 3 
T 
V 
R 26°C 
E 
3 3 3 
Plate 2.4: Arrangement of aquaria in a randomized grid-like pattern. 
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Each aquarium was mnde ofopaque plastic and held 60 litres of water. A PVC 
standpipe acted as n plug and was located in the centre of each aquarium. Overhead air 
supp!y lines were arranged so that each aquarium received an air supply through a 
single 4mm diameter plastic tube. This air supply provided gentle aeration to each 
aquarium throug!J an air stone and also powered the hiological, sponge filter (Figure 
2.07), which re-circulated aquarium water at approximately 60L hour-1• All biological 
filters were 'matured' for approximately two weeks before snapper were introduced to 
the aquaria. This allowed natural bacteria to begin to establish in the sponges, which 
helped to maintain water quality during the experiment. Bacterin, in the genus of 
Nltrosomonos and Nitrobacter, become established in aquaria and process ammonia and 
nitrite, respectively, which can build up in closed-system aquaria and cause fish 
fatalities {Stickney, 2000). 
Since waste products from fish can cause aquarium water to become acidic (Hargreaves, 
1978), n small mesh bag filled with shell grit was positione" on the floor of each 
aquarium (Figure 2.07) to provide CaC03 and buffer the pH. The shell bag and the 
sponge from the filter were rinsed in seawater once a week to flush out food debris. 
To minimize heat conduction, panels of polystyrene foam (2mm thick) were placed 
between aquaria. A hand-sewn aquaculture mesh cover was used to reduce stress on the 
fish and prevent them from jumping out of the aquaria. The artificial, overhend lights 
were set on an automatic photop eriod cycle of 14 hours light to IO hours dark. 
A short trial demonstrated that the water temperature in the aquaria came into 
equilibrium with the ambient temperature of the aquarium room. The room temperature 
of the aquarium room was therefore, maintained at I 8 °C, the lowest level used in the 
experiment. Submersible aquarium heaters were used to maintain the water temperature 
of the warmer levels (22 and 26°C). Prior to the commencement of the experiment, a!l 
heaters were calibrated to the desired temperature using a mercury thermometer. 
The salinity of filtered seawater (36.7%0) was adjusted to achieve the three salinity 
target levels (36, 39 and 42%o) using, either distilled water (milliQ 16.2 0cm) to 
decrease the salinity, or synthetic marine salts to increase the salinity. A hand-held 
conductivity meter was used to calibrate the salinities. 
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heater 
air supply 
(4mm) 
P. auratus PVC 
standpipe 
bag of 
shell grit sponge 
filter 
Figure 2.07: 'Birds-eye view' of the internal set up for each aquarium. Note that air 
supply has been turned off for the purpose of the photograph. 
2.4.2 Fish Acclimation 
Approximately 300 artificially-reared (110 days old) juvenile snapper were bought from 
the hatchery at the Fremantle Maritime Centre and were collected one week before the 
experiment commenced. Snapper of similar size and weight were visually selected and 
transported to the laboratory in sealed plastic bags, containing approximately 50% 
seawater and 50% pure oxygen. Ten randomly selected fish were then slowly released 
into each of the 27 aquaria. Fish were acclimatized to higher salinities by gradually 
adjusting the salinity in each aquarium towards its target salinity over a one-week 
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period. The maximum increase in salinity in one day wu 2%o. This was done by 
siphoning hypersaline water (seawater with added synthetic marine salt) into the 
aquruium through a fine tube and mixing this thoroughly with the aquruium water. The 
addition of hypersaline water was stopped when the desired salinity was rcnched. 
To ace!imalfae the snapper to target water temperatures, the heaters of the 22 and 26°C 
. . .. 
treatments were activated during Day 5 of the acclimation week. The heate~ were 
frequently turned off and on so that the water in each aquarium gradually increased owr 
the entire day and eventually reached its target temperature. Heaters were theri left on 
for the entire. length of the experiment. Successful acclimation of the snapper Was 
gauged by commencement of feeding behaviour. 
Fish were fed to satiety three. times a day on a commercial pellet feed. The feed was 
sprinkled inio each aquarium with a smal! measuring spoon (approximately 0.05 g) and 
then a second and third round of the aquaria was made. If the fish still surfaced and 
appeared hungry, they were given another spoonful. After the third feeding round, fish 
were usually disinterested in food. 
2.4.3 Initial Fish Measurement 
. . .. 
After one week ofacclimation; the growth experiment officially began and ran for 28 
days, from 27111 November to 24'" December 2002. At the beginning of Day I, all fish 
were caught and the wet weight and length. (LCF) of each fish was recorded to the 
nearest O.Olg and Imm, respectively. When fish had a damaged tail, standard length 
(SL), rather than LCF was recorded. The snapper in each aquarium were caught with a 
small scoop n~t and placed into a bucket of water (approximately \3L) siphoned from 
their 'home' aquarium. This bucket was aerated and 2 ml of Aqui-S anaesthetic was 
' ' 
added and mixed through the water. After one to two minutes, the snappers' swimming 
motions slowed and they were easily caught using the scoop net. Each snapper was 
gently placed onto a pre-weighed staioless steel ruler, which was positioned on top of a 
measuring board. Once the length of the fish had been measured, the ruler ho_lding the 
fish was plnced onto the balance where a wet weight of the fish was re.:orded; Blotting 
· paper was used to absorb any excess water fr_om around the fish prior to weighing. Each 
' ' 
fish was then placed into an aerated 'recovery' container, in which they remained until 
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normal swimming behaviour was resumed (usually 1-2 minutes), and subsequently 
returned to their ' home' aquaria. 
The initial mean size of snapper (Day 1), over all aquaria, was 37.53 mm LCF (± 0.21 
S.E.) and 0.99 g (± 0.02 S.E.) (Figure 2.08) . 
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Figure 2.08 : A scatter plot of the initial (Day 1) lengths and weights of snapper in each 
of the 27 aquaria. 
One-way ANOV As confirmed that fish weight and length at the beginning of the 
experiment did not differ significantly among treatments (length: p = 0.74, weight: p = 
0.46). Prior to the ANOV As, Kolmogorov-Smirnov tests demonstrated that the data 
were normally distributed (p > 0.05) and Levene ' s tests demonstrated homogeneous 
variance between treatments (p > 0.05). 
2.4.4 Physico-chemical parameters 
Each morning of the 28-day experiment, salinity and temperature were monitored in 
each aquarium to the nearest 0.1 %0 and 0.1 °C, respectively. Daily recordings of 
aquarium water temperatures showed that temperatures were maintained within one 
degree of target levels (Figure 2.09). Heater settings were adjusted when an aquarium's 
water temperature had drifted by more than 0.4°C from its target temperature. 
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Figure 2.09: Average water temperatures (+S.E.) in each aquarium during the 28-day 
experiment, grouped by temperature level ( 18, 22 and 26°C). 
Salinity was more difficult to maintain than water temperature, as aquaria requiring 
heaters (22 and 26°C) had higher evaporation rates, resulting in gradual increases in 
salinity over time. However, the daily addition of distilled water to aquaria whose 
salinity had departed by ~0.5%o, from target level, enabled the salinities to be adjusted. 
Daily measurements show that salinities were maintained within 1.5%0 of their target 
salinity (Figure 2.10). 
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Figure 2.10: The average salinity (+S.E.) in each aquarium during the 28-day 
experiment, grouped by salinity (36, 39 and 42%0). 
2.4.5 Daily water exchange 
) 
Since the experiment required maintaining set salinities, it was necessary for the aquaria 
to be closed systems and hence, maintaining water quality was a potential problem. 
Excess food and waste was therefore, manually siphoned daily from the bottom of each 
aquarium until approximately 15% of an aquarium's water volume had been removed. 
Three large reservoirs, each set at 18, 22 and 26°C, were used to replace this water in 
the individual aquaria. An electric, submersible pump (1200 L hour-1) was used to pump 
replacement water from the reservoirs to the individual aquaria. The lowest salinity 
aquaria were refilled first and then synthetic marine salt was added to the reservoirs 
until the salinity level had increased to 39%0 and then to 42%0. 
Water quality was monitored throughout the experiment. Dissolved oxygen, ammonia 
and nitrite levels were measured to the nearest 0.1mg r1 for six aquaria every day. 
Similarly, pH was measured to the nearest 0.1 pH unit. The six aquaria were pre-
selected using a roster basis so that these physico-chemical parameters were measured 
daily for two aquaria from each salinity level. The levels of these parameters were 
similar across all tanks. pH ranged from 8 - 8.4, dissolved oxygen ranged from 4 -
6.9mg r 1, total ammonia from 0-0.6mg r 1 and nitrite from 0.3 - 3.3 mg r 1• 
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2.4.6 Fish Mortality 
Any dead fish found in the aquaria were removed, noted and their length and weight 
recorded. On a few occasions, freshly dead snapper were preserved in 10% formalin 
solution and autopsies were performed to determine the cause of death. The autopsy 
report indicated that there was no bacterial or protozoa} infection and that the deaths 
were most likely stress-related. In support of this, the number of fish deaths steadily 
decreased over the duration of the experiment (Figure 2 .11) which has been reported for 
other aquarium experiments (Nyman & Conover, 1987). Any future aquarium 
experiments should consider using older, larger fish to minimise stress-related deaths 
(B. Ginbey, Fremantle Maritime Centre, pers. comm.), or allowing the fish to acclimate 
to their new environment for a longer period of time. 
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Figure 2.11: Three day moving-average of the number of fish deaths in all tanks, 
showing the decline in mortality over the 28-day period of the aquarium experiment. 
In each aquarium, fish mortality was calculated as the proportion of the number offish 
that died during the experiment compared to the number of fish that were initially 
present. Average mortality was then calculated for each treatment. Data were arcsine 
37 
transformed after which a Levene' s test demonstrated homogeneous variance (p > 
0.05). ANOVA was performed to determine whether fish mortality varied over the 
treatments. 
To maintain consistent fish densities, a total of22 fish were placed into various aquaria 
on Day 7 to replace fish that had died. These replacement fish were anaesthetized and 
measured in the same way a~ c~·ried out on Day i. However, to identify them as 
replacement fish, the lower lobe m'their caudal fin was clipped with scissors. 
2.4. 7 Fin a I fish mcasuremen I 
The experiment was terminated on Day 28 and water from all 27 aquaria was siphoned 
until there was approximately l 5 litres remaining in each. The snapper in each aquarium 
were euthanased by adding 5 ml of Aqui-S anaesthetic to the remaining water, nnd 
collected for final length and wet-weight measurements. In addition to measuring 
length-to-caudal fork (I.CF), standard length (SL) was also recorded for each fish. A 
linear relationship was then developed between LCF and SL measurements (LCF = 
1.139 x SL+ 3.096, r == 0.99). This relationship was used to estimate LCF for those few 
fish whose tails were damaged at the start of the experiment and only their SL had been 
measured. The 22 tail-clipped, 'replacement' snapper were identified and noted during 
these final measurements. These fish were not included in any analyses. · • 
2.4.8 Analys Is of growth da tD. 
All data analysis was performed using the statistical software SPSS (version 11.0). 
Growth was calculated as the average change in fish length or weight over the duration 
of the experiment in each aquarium and expressed as a percentage of the initial average 
fish length and weight. Hereafter, the term 'average growth' refers to this calculation. 
A two-way AN OVA was performed on growth data, in terms of both the length and 
weight, to investigate the effect of temperature ~d salinity on growth. Temperature and 
salinity were considered fixed factors. Prior to analysis, Levene's test was used to 
investigate homogeneity of variance and Kolmogorov-Smirnov tests were performed to 
test for normality of dnta. Where a signi fie ant main effect was present, without an 
interaction, post-hoc tests (Tukey's Honestly Significant Difference) were performed to 
. . 
determine which levels of that main effect differed: 
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2,S ETHICSAPPROVAL 
Prior to the beginning of this study, ethics approval was sought and granted from the 
Animal Ethics Committee at Edith Cowan University (Ethics Codes: 02/Al, 021 Al 7). 
In addition, I was granted an 'Authority to Perform Operations or Experiments on 
Animals' certificate for the period of this project. 
3,0 RESULTS 
3.1 ENVIRONMENTAL PARAMETERS 
Sea surface temperature (SST) data derived from the NOAA AVHRR satellite remote-
sensing, showed that the SST ranged from I 7.4-26.2"C in the southern region, 
compared to 19.9- 25,7"C in the northern region (Figure 3.1). The southern region 
experienced temperatures between 17 end 19 degrees between June and August, while 
the northern region experienced temperatures 2-3° warmer in the range of20-2 I °C 
(Figure 3.1). In comparison, SST was higher.by more than 1°C in the southern region 
than the northern region between Decem her 2000 and February 20 0 I (Figure 3. I). 
Salinity remained relatively constant throughout the sampling period. The mean saliuity 
in the northern region was 35.72%a ±0.36 S.E., which was considerably lower than the 
mean salinity of the southern region (45.62%. ±0.30 S.E.) (Table 3 .1). 
Table 3. I : Mean salinities· for the northern and southern region study sites: taken during 
the latter three trawl surveys. Note: •not ava:lable, n = sample size. 
Northem reglm1 Southern region 
Trawl Salinity S.E. n Salinity ·.·S.E, n 
May2001 36.08 0.70. 2 46.0S 
Sept 2001 3S.36 0.o7 13 45.04 0.12 13 
Dec 2001 * 45.78 0.14 12 
Mean 3S.72 0.36 45.62 0.30 
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Figure 3 .1: Three-month-moving average sea surface temperature (SST) data, derived 
from NOAA A VHRR satellite remote-sensing, for the northern and southern region of 
the western gulf of Shark Bay, between June 2000 and May 2001. Standard error bars 
are shown. 
3.2 SIZE STRUCTURE OF PAGRUS AURATUS IN SHARK BAY 
Juvenile Pagrus auratus were caught in every trawl survey (November 2000, February, 
May, September, December 2001); however, catches in the southern region were 
substantially higher and more consistent than in the northern region (Table 3.2). The 
abundance of P. auratus in the southern region varied from 380 in May 2001 to 5726 in 
November 2000 (Table 3.2) compared to the northern region where abundances varied 
from four fish in November 2000 to 79 fish in February 2001 {Table 3.2). 
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, Table 3.2: Abundance of juvenile P. aura/us caught during the trawl surveys between 
November 2000 and December 200 I. 
Abundance 
Trawl ~urvey Northern region - Southern Region 
November 2000 51 5726 
February 2001 79 3409. 
May2001 33 380 
September 200 l 31 1183" 
December 2001 23 1723 
The size of P. aura/us collected ranged from 30 to 200mm LCF in the southern region, 
comp~ed to 60-120mm LCF in the n~rthem .region (Figure 3:2 and 3.3, respectively). 
.. . . 
The low numbers of P. aura/us caught over the length of 150mm LCF may have been 
due to their ability to escape the trawl nets; however, it is more likely that they had 
moved out of the trawl area (M. Moran, Dept. Fisheries W.A,. pers. comm.). 
To compare the sizes ofO+ P. aura/us between the southern and northern regions, it 
· was necessary to firstly identify the O+ mode of fish in the Jeogth frequency. -
distributions for the IWQ regions. A bimodal pattern was clearly displayed for fish 
collected in the southern region in December 2001 (Figure 3.2). These two modes were 
reasonably well defined with moda! lengths Qf70-79 and I JO.J J9mm LCF, which · 
almost certainly represent the o+ and I+ age groups, respectively. The lengths of these 
O+ fish ranged between approximately 40 and! 10mm LCF in December 2001, which 
was similar to the dominant mode present approximately one year earlier (November. 
2000). This suggests that this dominant mode in November 2000 also represented the 
O+ age group. This is further supported by the increase in modal lengths offish 
between November 2000 and December 2001, when the length distributions of this · 
. . .. 
cohort fomted a second mode, now representing I+ fish. 
The bimodal pattern exhibited by fish caught in the southern region in December 2001 
was also displayed by fish caught in annual trawls conducted in the southern region of 
the western gulf at a similar time of year, between 1996 and 199 9 (Figure 3 .4). This 
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provides further support that the sm a Iler mode represents O+ fl sh, which fanned the 
major mode throughout the study. 
A bimodal pattern was displayed in the length distributions for fish collected in the 
northern region in Novem her 2000 {Figure 3. 3 ). The smaller of these modes consisted 
of only four fish which were of similar size to o+ fish in the southern region and which 
most likely represent the O+ age group. The progression of this O+ mode was similar to 
that offish in the southern region. However, the lengths offish in this mode were 
greater in the northern region than the southern region. For example, in February 200 I , 
the O+ P. aura/us had n modal length of ! 00-109mm LCF in the northern region, 
compared to 70-79mm LCF in the southern region {Figure 3.2 and Figure 3.3). 
Similarly, in May 2001, O+ P. aura/us in the northern region had a modal length of 
I00-119mm LCF, while those in the southern region had a modal length of90-99mm 
LCF. The exception to this pattern occurred in November 2000 when the modal lengths 
in both regions were similar. However, only four o+ fish were captured in the northern 
region during this sampling occasion (Figure 3. 3). 
42 
>i 
(J 
C 
G) 
::::, 
O' 
G) 
... 
LL 
2600 ~--------------------------------, 
2400 130th November 2000 b 
2200 n = 5726 L 
2000 
1800 
1600 
1200 
1000 
800 
600 
400 
200 
O+.----,-----
0 20 40 60 
C 
80 100 120 140 160 180 200 
1200 -,---------------,----------------------, 
1000 
800 
600 
400 
200 
26th February 2001 
n = 3409 
0 4----~-----------
0 20 40 60 80 
C 
100 120 140 160 180 200 
1200 -,-----------------------------------, 
1000 _ 23rd May 2001 
n = 380 
800 -
600 -
400 - b 
200 -
oL-~--~-~--•••----.----~--~-_j 
0 20 40 60 80 100 120 140 160 180 200 
1200 -,-----------------------------------, 
1000 
800 
600 
400 
200 
17th September 2001 
n = 1183 
a 
0 +----,-----r----.---..... -
0 20 40 60 80 
b 
100 120 140 160 180 200 
1200 -,-----------------------------------, 
1000 
800 
600 
400 
200 
12th December 2001 
n = 1723 
0--l---~------
0 20 40 60 
a 
b 
80 100 120 140 160 180 200 
LCF (mm) 
Figure 3.2: Length frequency distribution of P. auratus caught in trawls in the southern 
region of the western gulf of Shark Bay, between November 2000 and December 2001. 
Note: a, band c indicate separate year classes. 
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Figure 3 .3: Length frequency distribution of P. auratus caught in trawls in the northern 
region of the western gulf of Shark Bay, between November 2000 and December 2001. 
Note: band c indicate separate age groups. 
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Figure 3.4: Length frequencies of P. auratus collected in trawls conducted in 1996 -
1999 by the Department of Fisheries Western Australia in the southern region of the 
western gulf of Shark Bay. The November 2000 and December 2001 data collected in 
this study are also displayed. b and c indicate the O+ and 1 + age groups, respectively. 
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3.3 AGE DETERMINATION OF JUVENILEPAGRUS AURATUS 
3.3.1 VaUdatlon of dally increments 
Some difficulty was eii:perienced in reading the otoliths ofO+ P. aura/us, whose ages 
were known. This was due to the increments being difficult to discem on approximately 
a third of the otoliths. Unclear increments are typical of reared fish (Campana & 
Nielson, 1985) and have previous 1y been reported for reared snapper (Ts11ji & Aoynma, 
1982; Atkinson, 1987; Francis et al., 1992). Of the 29 otoliths available for 
examination, 19 comprised incremeots of acceptable readability. Of these readable 
otolitlis, the micro-,iocrement counts closely app'riiximated the known, chronological 
age ofindi vidunls (Tab le 3 .3). The mean estimated age for fish known to be 32 and 8 8 
days old were 31 and 84 days, respectively. Similarly, the mean estimated age for fish 
known to be 111 days old was 109 days (Table 3.3). Note that the increments of wild 
fish aged in this study were countable up to approximately 360 (Section 3.3.2) and that 
' ' 
their growth increments were similar in appearance to the readable otoliths of reared 
fish. For each group ofknown-age fish, the mean micro-,increment counts were below 
the known age of the fish by between one and four counts (Tab le 3 .3 ). This, and the 
variability in increment counts around the knowri age of the fish, may be an artifact of 
the small sample sizes and/or difficulty involved with reading reared-fish otoliths, rather 
than a departure from daily increments. These results therefore, indicate a daily 
' ' 
periodicity in increment deposition for P. auratus from Shark Bay, at least for fish 31-
l I O days old. 
.. . .. 
. . . . ·. 
Table 3.3: Mean micro-increment counts of otoliths from known-age P. auroftis. 
Known age Number of micro-Increments 
(days) 
Mean S,E,. Range n 
32 31 1.20 29-34 4 
88 84. 0.66 83-86 4 
·. 111 109 1.22 > 103-116 .··· · 11 
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Several other lines of evidence support the conclusion that micro-increments are 
deposited daily in O+ P. aura/us in Shark Bay. Firstly, the growth rate ofO+ fish in the 
southern region, as estimated by observing the O+ modal progression agrees well with 
the population growth estimate obtained from the slope of the estimated age/length 
linear regression ofO+ fish in the southern region (see Section 3.3.3). Secondly, the age 
at metamorphosis for snapper is known to be between I 7 and 3 7 days after hatching 
(Smith & Hataya, 1982; Fukuhara, 1985; Foscarini, 1988; Fuknhara, 199 I; Francis, 
. 1994b) and the location of the 'metamorphic mark' on the otoliths in the current study 
(approximately 20 increments from the core) corresponds well with this. Finally, the 
. . 
birth dates, as determined by counting the growth micro-increments, correspond well 
with spawning times determined from gonadosomatk: indei:: (OSI) data colleeted for 
adult P. aura/us in Shark Bay (Dept. Fisheries W.A., unpublished data) (see Discussion 
4.3). Finally, daily increment deposition has been demonstrated for o+ snapper in a 
wide range of geographical locations (Tsuji & Aoyama, 19 82; Kingsford, 1986; 
Atkinson, 1987; Francis et al., 1992). 
3.3.2 Estimates ofii.ge and birth date 
Toe ages ofo+ P. aura/us, as determined by counting the otolith micro-increments, 
ranged from 115-357 days in the northern reg:on (n = 54) and I 00-327 days in the 
southern region (n = 71). Birth dates of these O+ fish; back-calculated from age 
estimates, ranged between mid May and early September in the northern region 
compared to mid May and mid October 2000 in the southern region (Figure 3.5). 
Although the birth daie period was more protracted in the southern region; there was · 
considerable overlap in birth date for both regions. Back-calculated birth datea indicated 
that P. aura/us were predominantly born between mid-June and mid-August 2000 in 
both regions. Toe mean birth date for O+ fish in the northern region was the 21>l August, 
compared tc I 811, August in the southern region. 
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Figure 3.5: Estimated birth dates for northern and southern region P. auratus in the 
western gulf of Shark Bay, summarized by four-day intervals. 
3.3.3 Growth rate 
The relationship between age and length ofO+ P. auratus in each region (Figure 3.6) 
can be described by the following linear equations: 
LCF = 0.25 x age+ 40.98, r2 = 0.67 (northern region) 
LCF = 0.24 x age+ 27.45, r2 = 0.67 (southern region). 
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The r2 values indicate thnt apProximate\y 67% of the variation in length for O+ fish of 
both regions could be explained by their age. The slopes of the linear relationships (0.2S 
and 0.24) show that the rate of increase in length wns similar for o+ fish in both regions 
(approximately 0.25mm d·'), at ]east over the range ofages investigated (approximately 
100 - 360 days). This growth rate is consistent with s second, independent estimate of 
population growth, calculated by observing modal progression of the trawl catches. The 
clearer modes and larger snmp le sizes of the southern re gioo allowed such nn estimate 
of growth for O+ fish to be cnlcnlated. For example, the progression of the mode for O+ 
fish in the southern region from November 2000 io May 200 I increased in size by 
approximately 40mm over 174 days (Figure 3.21 which indicates a population growth 
of approximately 0.23mm day1• 
Mean growth rates for individual fish were similar between the northern region ( range 
in individual growth rates"' 0.32-0.55mm day·1, mean"' 0.42mm daf1 .':O.OJS.E.) and 
southern region (range in individual growth rates: 0.28-0.56mm day", mean"' 0.37mm 
day" 1 ±0. 0 l S. E.). However, the length-at-age relationship showed that snapper from tho 
northern region were 15 to 16mm larger at any given age. AN COVA confirmed that 
length-at-age for o+ P. aurotus differed significantly between the northern and southern 
regions (p < 0.001). 
Plots of the mean length of juvenile snapper in each year class, for Illich regioi. 1Figure 
3. 7). clearly illustrate the consistent length difference between the study regi":Js and the 
similar growth rates occurring between regions ~or the 2000 year cl11Ss, whi~il was 
consistently caught throughout the study period: For fish in the southern region, mean 
growth rates were relatively rapid (0. ! 8mm day'1) between November 2000 and May 
200 I, before decreasing (0.03mm day'1) between May and September, and subsequently 
increasing (0.24mm day'1) between September and December 200 l. Fish in the northern 
region did oot exhibit this se115onal pnttem in growth rates. 
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Figure 3.6: Relationship between length and age for all P. auratus aged in the study. 
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3.4 TAGGING STUDY 
No tagged, juvenile snapper were re-captured, either during the post-tagging trawl or by 
commercial prawn trawlers. 
3.5 AQUARIUM EXPERIMENT 
3,5,1 Flsh Mortality 
. . .. . . . 
The mean percentage of fish that died during the aquarium experiment (Table 3 .4) did 
not differ significantly between treatments (One-way ANOV A, p = 0.775). Between 
23% and 45% offish died during the experimental period (Table 3.4) .... 
Table 3.4: The mean mortality offish in each treatment in the growth eiperiment, 
expressed as the percentage of fish that died during the eiperim ent. 
Temperature Salinity Mean . ··. ::l:S.E. 
Group Group Mortality 
("C) . (%.) (%) 
18 36 27 . 10 
!8 39 27 · 5 
18 42 32 7 
22 36 23 8 
22 39 25 2 
22 42 30 13 
26 36 · 39 .·. 17 
26 . ·. 39 23 3 
26 · .. 42 45 10 
3.5.2 Growth Analysis 
The mean growth rate(% incr;ase in length) ranged from 27% for fish exposed to l8°C 
and 36%o to 57% for fish exposed to 26°C and 39%o (Figure 3.8a). Themean percentage 
increases, in terms of length, during the experiment were equivalent to mean daily 
growth rates ranging ftom 0.37 to 0.79mm day"1 (Table 3.5). In terms of weight, the 
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mean growth rate ranged between 137% and 382% for the same treatment groups 
(Figure 3.8b). The mean percentage increases, in terms of weight, during the experiment 
were equivalent to mean daily growth rates ranging from 0.05 to 0.14 g 
day·1 (Table 3.5). 
Table 3.5: Mean daily growth rates (±S.E.), in terms of length and weight, of snapper in 
the 28-day aquarium experiment. 
Temp. Salinity Group Mean Daily Growth Rate 
Group (%o) 
("C) 
mm S.E. g S.E. 
day·I day·' 
18 36 0.37 0.039 0.05 0.048 
18 39 0.45 0.044 0.07 0,008 
18 42 0.43 0.011- 0.06 0.002 
22 36 0.59 0.054 0.09 0.013 
22 39 0.62 0.032 0.10 0.001 
22 42 0.61 0.052 0.10 0.008 
.. 
26 36 0.58 0.051 0.10 0.017 
26 39 0.79 0.060 . 0.14 0.012 
26 42 0.70 0.025 0.12 0.049 
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Figure 3.8: Mean percentage increase (±S.E.) in (a) length and (b) weight of snapper in 
treatments comprising different combinations of temperature and salinity. 
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Kolmogorov-Smimov tests demonslrated that the growth data (length) was nonnally 
distributed {p > 0.05), while a Levene's test demonstrated homogeneous variance 
between treatment groups {p > 0.05). Two-way ANOVA demonstrated growth of 
snapper, in tenns of length, differed among temperatures and salinities (Table 3.6). 
There was no interaction between these two factors (Table 3.6). 
Table 3.6: Mean squares, F values and significance levels of a two-way ANOVA testing 
for differences in growth (by length} of snapper among different temperatures and 
salinities. 
Source d.f, Mean square F pvalue 
Tern perature 2 920.50 33.46 <0.001 
Salinity 2 116.34 4.23 0.031 
Temperature x 
4 39.86 1.45 0.259 
Salinity 
Error 18 27.51 
Post-hoc comparisons (Tukey's Honestly Significant Difference} showed that the 
increase in length of soapper was greater at 22° and 26°C than at 18 'C, while there was 
no difference between the two higher temperatures (Table 3.7a}. Post-hoc comparisons 
for salinity showed that growth was significantly higher at 39%o than at 36%o. Growth at 
42%o did not differ from that at either 36%o or 39%o (Table 3.7b). 
Kolmogorov-Smimov tests demonstrated that the growth data, in terms of weight, was 
normally distributed (p > 0.05) while Levene's test demonstrated homogeneous 
variance between treatment groups (p > 0.05). Two-way ANOVA demonstrated that 
temperature, but not salinity, had a significant effect on snapper growth, in terms of 
weight (Table 3.8}. Similarly with length, there was no interaction between temperature 
and salinity (Table 3.8). Tukey's post-hoc comparisons showed that weight of fish 
increased significaotly among all three levels of temperature (Tab le 3. 9}. 
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Table 3.7: Summary of the Tukcy's post-hoc comparisons of growth, in tenns oflength, 
betwoon different (a) temperature and (b) salinity levels. 
a) 
· 22·c 
Temperature 
26°C 
b) 
39%. 
Salinity 
. 42%o 
Temperature 
. 1s•c 
<0.001 
<0.001 
Salinity 
36%. 
.025 
.245 
22•c 
.081 
.451 
Table 3.8: Mean squares and F values ofa two-wuy ANCVA testing for differences in 
' ' ' 
growth (by weight) of snapper among different temperatures ruid salinities. 
· Source . d.f. Mean square F p value 
Temperature , 2 81277.26 69.80 <0.001 
Salinity. 2 2863.98 2.46 0.114 
· Temperature . x 4 1195.90 1.03 ,' 0.420. 
Salinity 
Error 18 1164.44 
ss 
Table 3.9: Summary of the Tukey's post-hoc complll"isons of the significnnt effect of 
temperature on meai1 growth, in weight, of snapper. 
22°c 
Temperature 
26°C 
4.0 DISCUSSION 
Temperature 
18'C 
<0.001 
<0.001 
22°c 
<0.CiOI 
4.1 SIZE STRUCTURE OF PAGRUS AURATUS IN SHARK BAY 
The present study has shown that, in the western gulf of Shark Bay, O+ Pagrus auratus 
are clearly larger in the northern region than in the southern region. The 15 to 16mm . 
size difference for fish 60-120mm in length (LCF) was consistent throughout the entire 
yeor nnd over several years. By the end of their first year of life, P. a11ratus reach 120· 
140mm LCF in the northern region compared to JOQ. [ 20mm LCF in the southern 
region. These lengths ore comparable to the maximum lengths attained by o+ snapper 
elsewhere (Cassie, 1956b; Lenanton, 1974; Paul, 1976; Paul & Tarring, 1980; Hom, 
1986a; Tsukamoto et al., 1989; Bell el al., 1991; Knto et al., 1991). 
· The difference in size of the juvenile snapper could be explained by one or a 
. combin~tion of three hypotheses: (I) growth rates ofO+ fish.differ between regions: (2) 
. juveniles in the north ore older due to an earlier birth date: and/or (3) juveniles in the 
. . . . 
southern region ni igrate northwards as they grow. 1 will address these hypotheses in 
reverse order to discuss the likelihood of each of them leading to the observed length 
differences between O+ fish in the northe'm and southern regions of the western gulf of 
Shark Bay. 
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4,2 HYPOTHESIS 3: MIGRATION 
It is di fficu It to understand why tagged fish were not re-captured, either by the research 
vessel or by commercial trawlers working in the region, during the tagging study. It is 
unlikely that the tagged snapper were not vulnernb le to re-capture considering that large 
numbers of untagged O+ fish were captured in th~ southern region at a similar time of 
. year. The possibility that tagged fish suffered high mortality immediailily after tagging 
also seems unlikely, since the large number of tagged fish that were kept overnight 
appeared to be very healthy the next day. However, fish may have experienced high 
. . . . 
mortality after their release from the research ves:se I. It may also be possible that the 
tags were lost or chewed by other fish. The rate of tag !oss can vary significantly 
between fish spe<:ies (Vo gelbein & Overstreet, 1987), and since this ciin be extremely 
. . .. 
high injuvenilc snapper (Smith & Hataya, 1982), tag loss may explain the low 
recapture rates of juvenile snapper in Shark Bay. Fnture tagging studies ofjuvenileP. 
aura/us should therefore, consider investigating the longevity of the chosen tag in the 
fish over II longer period of time, preferably for a period equal to their expected period 
at liberty, 
TI1e release of3485 P. aura/us in a system as large as Shark Bay _may have been 
insufficient to obtain re~ptures. Due to time and funding restraints, only two nights 
were available to conduct fish tagging. Furthermore, the limited availability of the R.V. 
Natura/isle meant that any trawling to recapture snapper could only be conducted in 
July 2002, which was approximately six months after the tagging was conducted. This 
is II considera b!e amount of time to have passed and the tagged snapper may have 
spread over a significant area, making them less likely to be recaptured. 
Based on the tagging study, no conclusions as to whether O+ snapper migrate from the 
southern region to the ncirthem region can be drawn. However, results from a separate 
study conducted in 2001 (Dept. Fisheries W.A., unpublished data) bel;to address this 
issue. Trace element anRlysis of oto\iths from O+ P. auratus with similnr lengths to 
those in the present study indicated that 18Srr'4Ca and I JsB a/81 Sr ratios varied 
. significantly between the northern and southern region in the western gulf of Shark Bay. 
Tile distinct otolith elemental signatures of juvenile snapper indicate tlult fish in each 
region are 
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exposed to different environmental conditions (chemical and physical traits of ambient 
water), thereby indicating a level of separation ofO+ fish between the northern and 
southern region. 
In addition to the above study, otolith chemistry has indicated that U~le or no mixing of 
adnlt P. aura/us occurs within the inner gulfs of Shark Bny (Bastow et al., 2002). This 
is supported by a tagging study which showed that adult P. auratus exhibited Jim ited or 
no mixing between the northern and southern region of the western gulfof Shru"k Bay 
(Moran, 1987, Norriss & Jackson, unpublished data). Over 90% of recaptured fish, 
which were at liberty for 3-730 days, were caught within 5nm (9.3km) of their tag-
release site (Norriss & Jackson, unpublished data). 
From the above, it seems plausible that juvenile P. aura/us do not mix betwe,m the 
northern and southern regions. In further support of this conclusion, a tagging study 
conducted in Japan showed that o+ snapper, at liberty for up to 320 days, were all 
recaptured within I 0-1 Skm of their release site with most remaining within 2km of the 
release site ( Smith & Hata.ya, 1982). It can thus be concluded that O+ P. aura/us in the 
northern region are unlikely to originate from the southern region and hence, 
Hypothesis 3 can be rejected. 
4,3 HYPOTHESIS 2: BffiTH DATES 
Birth dates derived from back-calculations of validated daily increment counts, 
indicated that spawning of P. aura/us began in mid May in both regions, but spawning 
extended later in the year (mid October) in the southern region compared to the northern 
region (late August). However, the proportion of fish horn after August in the southern 
region accounted for only a small percentage ( 11 %) of the fish. These birth dates 
derived from back-calculations correspond closely to trends exhibited by 
gonadosomatic indices ( GS!) for ad u It P. aura/us in Shark Bay (Dept. Fisheries W .A., 
uopuhlished data). Trends in GS!, which reflect gonadal development, indicate tbat both 
male and female spawniog activity generally peaks between June and August in the 
northern region and July and September in the southern region • 
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The first appearance of small O+ P. aura/ILi in trawls in September 2001 in the southern 
region further suggests that their birth dates begin around June, since snapper become 
vulnerable to a 20mm codend trawl approximately two to three months after spawning 
(Francis, 1994b). This supports the accuracy of the daily increment method and hence, 
the birth date distributions, 
Increased spawning season duration nt lower latitudes appears to be a widespread 
phenomenon in temperate fish species (e.g. Hubbs, 1985; Kneib, 1986; Conover, 
I 990, 1992). For example, at low latitudes the spawning_seasoh'of Menidla men id/a 
begins earlier and continues later in the year than nt higher latitudes (Conover, 1992). 
Fish spawning at higher latitudes naturally experience shorter growing seasons. The 
cessation of spawning earlier is often advantageous since offspring produced later 
would have little chance of reaching a size that wou Id permit survival over winter 
(Conover, 1992). As discussed above, P. aura/us spawn for similar periods of three to 
four months in the northern region and four to five months in the southern region of tbe 
western gulf of Shark Bay. The smaU range in latitude between the two study regions 
may explain the Jack of difference between spawning durations. Comparable periods of 
spawning for P. auratus occur in other parts of Australia (Ferrell & Sumpton, 1993; 
Coutin 1997; Fowler, 2002; Wakefield, 2002) and in New Zealand (Cassie, 1956a; 
Crossland, 1977; Scott & Pankhurst, 1992; Francis, 1994b), where spawning occurs 
over a period of between two and five months. Although the difference in latitude from 
Shark Bay to New Zealand is similar to the range studied for M menidia (Conover, 
1992), spawning occurs for between two and five months duration throughout this large 
range in latitude. 
While the duration of spawning for P. aurat11s is similar across a broad region, the 
timing differs. In the sub-tropical waters of Shark Bay, P. aural/ls spawn primarily in 
the winter months (June to August), which is a similar timing to the spawning of this 
species in Queensland (May to September) (Ferrell & Sumpton, 1993). In contrast, P. 
auratus spawn between September and January in Cockburn SOllnd in southern Western 
Australia (Wakefield; 2002) and between September/October and Februruy/March in 
Victoria, South Australia sud New Zealand (Cassie, 1956a; Crossland, 1977; Scott & 
Pankhurst, 1992; Fr~cis, 1994b; Coutin 1997; Fowl~, 2002.), which are located 
towards the southern limit of this species' range and experience cool, temperate 
S9 
climates. Several other teleost species, whose range encompasses both tropical and 
temperate waters, also exhibit variations in spawning times associated with latitudinal 
position (e.g. Vouglitois et al., 1987; Conover, 1990; Castro & Cowan, 1991; Conover, 
1992; Hyndes & Potter, 1997). 
Spawning time is thought to vary spatially and seasonally so as to provide favourable 
environmental conditions for the growth and survival of eggs and newly hatched larvae 
(Cushing, 1990). As a result, spawning seasons are limited to periods of the year when 
physical factors permit the suivival of offspring (Conover, 1992). Optimal water 
temperature and light conditions are tbought to be two of the most reliable 
environmental cues regulating the onset of spawning in annual-spawning, temperate 
fish species (Bye, 1990). In the case of P. aura/us, spawning, in the sonthern part ofits 
range, is thought to be temperature dependent where the onset of spawning is triggered 
by rising water temperatures to between 15 and 21 "C (Cassie, 1956a; Crossland, 1977; 
Foscarini, 1988; Scott & Pankhurst, 1992; Francis, l 994b). One would therefore, expect 
then that the timing of spawning for P. aura/us would vary depending on latitude and 
indeed, as discussed above, this is the case. That spawning occors over winter months 
rather than summer months in both Queens] and and Shark Bay probably reflei.:ts the 
warmer water temperature regimes in these areas. 
It is evident that broad-scale differences in the timing and duration of teleost spawning 
can vary seasonal!y across the range of a ~pecies. In the case of Shark Bay, however, the 
relatively small distance between the two study regions and hence, the similar climatic 
conditions ell'.perienced by these regions, would lead one to expect spawning times and 
duration to be similar. This study has shown that spawning dates overlapped 
considerably and thus, spawning periods were very similar in their timing and duration 
between regions. Although the difference in mean birth dates between the two study 
regions (16 days) may, to some extent, have contributed to the length difference in o+ 
snapper observed in the trawl surveys, it is unlikely to be of sufficient magnitude to 
solely ell'.plain the observed length differences. Hence, Hypothesis 2 can be rejected as 
being the main cause of the observed length difference between regions. 
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4.4 HYPOTHESIS 1: GROWTH RATE 
Growth rates of wild O+ P. auratus appeared to be lioenr between 100 and 357 days of 
age (47-130mm LCF) in both the northern and southern regions of the western gulfof 
Shark Bay. Linear growth is likely to be characteristic of the fast-growing juvenile 
phase preceding the usually asymptotic growth ofolder fish, and baa previously been 
reported for wild O+ 1is h of P. aura /us elsewhere (Kings ford & Atkinson, 1994; 
Francis, 1994a) and other species (Thorrold & Milicich, 1990; Oxenford et al.,· 1994; 
Marteinsdottir et al., 2000). After metamorphosis from larval to the juvenile stage of 
life, growth rote accelerates markedly (Smith & Hataya, l 982; Mimura el al., 1984: 
Fukuhnra, 1985; Tooaka, 1985; Kingsford, 1986; Foscarini, 1988; Francis, 1994a) and 
remains relatively constant for 2-3 months (Azeta et al., 1980; Hnnabuchi, 1980; 
Kojima, 1981n; Bell et al., 1991). Growth inP. aura/us is typically 0.5;0.9mm LCF 
day"1 at this stage (Francis, 1994a). After the first few months ofUfe, growth slows and 
remains fairly constant (Francis, 199411). It was this later O+ stage of life at which 
snapper were vulnerable to capture in the current study. 
Meao growth rates ofO+ P. aura/us, using daily micro-increments, ranged from 
apprQXimately 0.30-0.55mm dal in both the northern and southern regions. Uis 
difficult to directly compare growth estimates with other juvenile P. aura/us studies, as 
· the length raoge offish studied and the methods used le estimate growth vary between 
studies. However, the growth rate estimates in this study are reasonably consistent with 
the 0.20 ~ 1.03 mm day·1 growth rates recorded iu other studies for wild O+ P. aura/us 
of similar length range (Tab le 4. I ) . 
This study showed that the growth rates of O+ P. aura/us were similar between regions, 
at least for fish approximately 100-357 days old. However, a significant difference in 
the length-at-age was evident between the northern and southern region, indicating that 
O+ fish in the northern region had, ai some earlier stage in their lives, grown at a faster 
rate thnn those in the southern region. As a consequence, O+ fish in the former region 
had achieved a size approximately 15 to 16mm greater in !ength-at-nge thnn their more 
southern counterparts. This result clearly indicates that increased growth rates,. 
(Hypothesis 1) can most likely ell.plain the observed length differences between the O+ 
fish in the northern and southern regions. 
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Table 4.1: Estimates of growth rate for wild juvenile P. auratus, based on either length-
at-age data (LA) or length frequency data (LF) (adapted from Francis, 1994a). 
Source Location LCF · Data·. Growth rate 
(mm)· type (mmday'1) 
Lenanton ( 1974) Cockburn Sound, J00-145 LF . 0.37 
Western Australia 
Paul (1976) Kawauls., 90-160 .LF 0.26 
New Zealand 
Tsukamoto el al. News Bay, 20-200 LF 0.40-1.03 
(1989) Japan 
Kato el a/.(1991) ShijikiBay, 50-110 LF 0.62 
Japan . 
Bell el al.(199 l) · NSW, 40-170 LF 0.40-0.70 
Australia 
Francis (1994a) KawauBay, . 30-120 LA 0.35-1.01 
New Zealand· 
Francis (1994n) KawauBay, .· 90-150 LF 0.26-0.34 
New Zealand 
Francis (1994a) Inner Channel, . 90-150 •.. LF 0.2-0.38 
New Zealand 
This study Shark Bay, 50-130 L,1 0.30-0.55 
Western Australia 
From the above discussion, the difference in !engihs of fish between regions most 
probably resulted from differences in growth rates within the first few months oflife 
( < 100 days of age). The question must then brJ raised as to what factors could cause 
different growth rates of early O+ P. aurahfY between the two regions of the western 
gulf of Shark Bay? The most obvious environmental parameters thai are known to 
affect fish growth (Brett, 1979; Wooton, 1990; J obiing, 1994 ).-and that differ between 
the northern and southern regions, are salinity and water temperature. Results from the 
aquarium experiment showed that, for early O+ P. auratus (110 days of age), an 
intermediate salinity of39%o led to significantly higher growth rates, in terms of length, 
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than salinities ofJ6 or 42%o. However, growth rates, ii:! tenns of weigh~ did not differ 
between any of the salinity levels tested. The salinities of the northern and southern 
regions ofth!.! western gulf of Shark Bay are approximately 36 and 45%., respectively, 
which a.re most similar to th~ salinity treatment levels of36%o and 42%. in the aquarium 
experiment. Since it was shown that growth, measured by weight and length of juvenile 
P. aura/us, did not differ significantly between the 36%o nnd42%o salinity treatments, it 
seems unlikely that the difference in growth rates between the northern and southern 
region O+ fish wns due to the salinity differences. 
The birth date data clearly shows that tl1e majority of juvenile snapper oft he western 
gu\fofSharlr Bny spend their first few months oflife in the winter months (June to 
August) when the southern region experiences sea surface temperatures (SSTs) 2-3°C 
cooler thllD the northern regio_n. The remote-sensing SST data obtained for this study 
agree with previous reports of SST patterns in the Shark Bay area (Logan et al., 1970) 
and show thnt the water temperatures over the months ofMny to September 2000 were 
approximately 20-21°C in the norti1em region compared to l 7- l 9"C in the southern 
region. Results of the aquarium experiment demonstrated that growth, in terms of 
weight. ofjuvenileP. auratus increased significantly with water temperatures between 
18° and 22°C, a range 1hat represents temperature differences between the two regions. 
While growth, in terms of length, increased similarly with water t,;mperatw::e, growth 
did not differ significantly between 22°C and 26°C. fn consideration of the highly 
significant difference in grOwth, by weight, between each lempernture treatment, I 
belirve that if the aquarium e:,i:perimenthad been conducted for a longer period of time, 
grnwth rates in tenns oflength, -:->ould also become significantly higher at 26°C than at 
22°C. Similarly, a laborntory e:,i:periment on the growth rate oflarvalP. auratus in 
eastern Australia showed that growth was positively correlated with !'llllperature 
between 18 and 24°C and that temperature and salinity did not interact over the ranges 
tested {Fielder et al., in press). Furthermore, temperature had r. more prominent effect 
on growth than did salinity (S-45%.) {Fielder el al., in press).' Several other studies have 
also reported that temperature has a more pronount"ed mfluence on growth in the early 
life offish compared to salinity (Rombough. 1988; Mihelakakis & Kitnjima, 1994; 
Mihe"akald~ & Yoshimatsu, 1998). More specifically, Woo and Fung (!981) report that 
P. aura/Us are excellent hypo-osmoregulators but are very sensitive to temperature 
variation (Woo & Fung, 1980). 
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P. aurotus, which were grown in the aquariwn experiment, in similar conditions as 
occurs in winter in the northem study region (22°C, 36%o), grew on average, l I%(= 
4.5mm) longer than P. ariratus grown in conditions that represent winter in the southern 
region ( 18°C, 42%.). This 4.5mm length difference occurred after 28 days (dumtion of · 
experiment), whereas, as discussed above, the length difference of the wild O+ snapper 
probably developed over the first three months oflife.1fsimilar growth rates occurred 
in the wild as they did in the aquarium experiment, 90 days (J months) growth in the 
northern region would produce O+ snapper whose length was 14.5mm longer than O+ 
snapper in the southern region. This is comparable 1o the ! 5 to 16mm Ieng th difference 
noted in the wild o+ length-at-age relationships. Growth rates arc higher for snapper in 
their first few months of life than for the older juvenile snapper (Francis, 1994a), that 
were used in the current study's aquarium experiment. Thus, it is plausible that different 
growth rates could explain the 15 to 16mm size difference observed between snapper of 
the two regions. Hence, the gr<1wth hypothesis (Hypothesis l) is supported by tho 
results of this study. 
Water temperature has been identified as probably the most pervasive of abiotic 
environmenta 1 factors affecting fish growth (Wooton, 1990) and there are numerous 
. . 
examples in the literature where variability in the growth of larval and juvenile fish has 
been linked to water temperature for both artificially-reared fish ( e.g. Laurence, 197 5; 
Policansky, 1982; Chambers & Leggett, 1987; Pepin, 1991) and wild fish (e.g. 
Weatherly & Gill, 1987; Lang et al., l 994; Oxen ford et al., 1994; Rutherford & Houde, 
1995; Nixon & Jones, 1997; MHl!ir et al.; 1999). Variation in the growth rates of 
juvenile fish has also been attributed to water temperature for both reared and .'.iild 
snapper. Reared larval and juvenile snapper of Japan have been reported to experience 
higher growth rates at higher temperatures (Kitazima, 1969; Rothbard, l 978; Foscarini, 
1988) up to a lethal temperature of32"C (Woo & Fung, 1980). For exa,nple, O+ 
snapper reared in sen cages grew more s!ow Jy than snapper held in an adjacent earth 
pond which exp~rienc,:d temperatures approximately 3°C higher (22-29"C) (;othbard, 
1978). 
Inter-annual variation in growth rates of wild juvenile snnpper has been found to be 
closely related to SST in both New Zealand and Japan (Kojima, 198 la; Francis, 1994a). 
Similar to the present study, ·differences iii growth rates were observed at two locations 
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in Japan which could be explained by differences in water temperature (Foscarini, 
1988). All of these findings, including the present study, agree with Paul (1976) who, 
after intensively studying the biology of snapper in New Zealand waters, stated that 
water temperature most likely plays a critical role in the development of snapper during 
the first few months after spawning. Differences in SST have been shown to influence 
the growth ofO+ fish of other teleost species. For example, storm fronta in Chesapeake. 
Bay, in northern America, resulted in variable water temperatures which were strongly 
and positively correlated with the growth rates ofstriped bass larvae, Merone saxatilis 
(Rutherford & Houde, 19 9 5). 
Further supporting evidence towards water temperature influencing the growth rate of 
juvenile snapper lies in the inter-annual variation of their growth rates. That is, inter-
annuol fluctuations in the growth i:ates of wild juvenile snapper have been reported in 
numerous studies and have been related to seasonal fluctuations in water •emperature, 
where maximal growth occurs in summer and minimal growth occurs in winter 
(Lenanton, l 974; Paul, 1976; Bell, 1980; Francis, 1994a). This was found to be the case 
in the southern region of the western gulf in the present study, which showed that 
minimal growth occurred between May and September 2001, which envelops the winter 
period of Shark Bay. 
Faster growth at warmer temperatures is thought to be a simple consequence of the 
effecta of temperature on metabolic rate (Weatherly & Gill, l 987). However, prey 
abundance is generally higher in warmer waters (Lewis et al., 1962; Kidd & Sander, 
l 979; Conover, 1992), and so, increased fish growth observed in such areas may also be 
a consequence of great~r food availability, That is, warmer water temperatures may 
indirectly, rather than directly, cause faster growth rates. Paul ( 1976) found that both 
juvenile and adult snapper grew faster in shallow waters where temperatures were 
warmest and the abundance and/or quality of prey were likely to be highest. 
In summary, it is evident that water temperature can play a significant role in 
determining the larval and juvenile growth rate of many fish species, including snapper. 
Temperature has a more profound effect during the larval and early juvenile stages of 
fish life than it does on later stages (Rombough, 1988). ht consideration of this and 
from the above discussion, it seems likely that the cooler water temperatures 
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experienced by the larval and early juvenile stages of P. aura/us in the southern region 
of the western gulf caused slower growth rates than th at experienced by the same cohort 
of fish in the northern region. Such differential growth almost certainly led to the size 
differences observed between the two regions. The aquarium experiment showed that 
while all other factors were held constant, growth increased with temperature over the 
natural range that occurs in Shark Bay. Therefore, increased metabolism rather than 
increased prey abundance was probably the mechanism driving the increased growth of 
O+ P. auratus in the northern region, compared too+ fish in the southern region. The 
SST pa Items o ooerve d in the northern and southern regions of the western gulf of Shark 
Bay in this study are likely to be similar among years (A. Pearce, C.S.I.R.O Marine 
Research, pers. comm.) and hence, differences in growth ofO+ snapper may well occur 
each year . 
. 4.5 MANAGEMENT IMPLICATIONS 
As discussed above (Section 4 .3 ), birth date distributions of P. auratus from the two 
study regions were very similar, indicnting that the spawning periods of P. aura/us in 
the two regions were similar. Furthermore, birth date distributions agreed well with 
gonadoson:iatic indices of adult P. aura/us for the two regi ens. If substantial differences 
had been observed, then related management implications may have arisen for the 
recreatiooa! snapper fishery of Shark Bay. For example, each year a six week spawning 
. . 
closure is used in the southern region of the western gulf to offer some protection to 
mature snapper while they are nt their most vulnerable, i.e. aggregating to spawn 
(Jackson et al., 2003). The present study supports previous research regarding the 
general timing and period of spawning (Dept. Fisheries W.A., unpublished data) and 
hence, increases confidence in the use of seasonal closures as a management tool. 
However, the present study indicates that the peak of spawning for P. aura/us in the 
southern region occurs over July and August. Hence, dates set for the seasonal closure 
would protect a larger proportion of tlie spawning fish if applied over this period, rather 
than mid-August to the eod of September, as is currently the case. 
Spawning biomass estimates for the western gulf are performed annually (June to 
August) by 1he Department of Fisheries Western Australia and are no important 
management tool used to estim,1\e the number of P. auratus in each region of inner 
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ShEll"kBay (Jackson & Cheng, 2000). The Daily Egg Production Method is used to 
estimate spawning biomass and relies upon the collection ofplanktonic snapper eggs 
during the spawning period within each region (Jackson & Cheng, 2000). The present 
study supports the timing of these egg surveys and hence, the accuracy of the spawning 
biomass ca\cu lations. 
· It is possible that bei:ause of their smaller size, O+ P. aura/us in the southern region 
experience higher mortality rates due to predation, than their northern counterparts. As 
. . 
growth rates decrease, life stage duration increases (Houde, 19 87; Suthers, 19 9 5) and 
hence, the time that o+ snapper in the southern region are exposed to predators is 
longer thnn for the faster-growing O+ fish in the northern region. To investigate such 8. 
theory, intensive research into the type, abundance and prey-selective chnracteristics of 
predators of juvenile P. aurotus in Shark Bay would be necessary. 
If the growth rates or length differences observed for Ot P. auratus in the western gulf 
of Shark Bay were sustained throughout their entire life cycle, the adults of the northern 
region would be of much grenter length-at-age than their southern counterparts. In such 
a case snapper may achieve sexual maturity at different lengths and/or ages, depending 
on their location within the western gulf. The implementation ofminimwn legal sizes 
are part of the management plan for P. auratus in Shark Bay (Jackson et al., 2003) and 
it follows that if length at sexual maturity for P. auratus varied between regions of the 
western gult; then minimum legal sizes may need to vary between regions. However, 
the present study has indicated that the growth raie becomes similar for O+ fish after 
approximately three months ofage. In addition, analysis of length-at-age data, based on 
otolith annuli counts, indicates thnt snapper in the southern region of the western gulf 
grow at a faster rnte after approximately two to three years, compared to those fish in 
the northern region (Dept. Fisheries W.A., unpublished data). This is the opposite trend 
to that shown in the present study for O+ P. aurotus, It appears that P. aurarus in the 
southern region grow more slowly during their first few months of life (winter-spring 
perfod) than their northern region counterparts, and then, at a Inter stage oflife, the 
reverse occurs when P. au;atus in the southern region begin to grow faster than their 
northern counterparts. In light of this, the growth rate differences reported in the present 
study for O+ fish do not have any major management implications for snapper sto,:ks in 
Shark Bay. Rather, managers of the snapper fishery need to consider the implications of 
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adult snapper growing faster in the southern region of the western gulf. The current 
minimum legal size for P. aura/us in inner Shark Bay (50cm total length, "'42.6cm 
LCF) has been set above the size at which SO% of the populati0t1 have achieved sexual 
maturity (LSD) in each region (northern region: LSO"" 36cm LCF, southern region: LSO 
= 41cm LCF) (Dept Fisheries W.A., unpublished data) and thus, a large proportion of 
the fish being exploited have a ]ready had the opportunity to spawn on at least one 
occasion. 
AJ; discussed in Section 4.4, water temperature has a more dramatic effect during the 
!arval and early juvenile stages than the adult stage of fish life (Rombough; 1988). It 
therefore seems likely that water temperature differences between the two regions of the 
western gulf play a critical role in determining the growth rate ofO+ P. auratus, but 
does not b ave the same effect fur o Ider fish. It is possible that during the months of 
spawning, the water temperature differences between the regions has Ii ttle or no effect 
on the growth of adult snapper because they are using such a large proportion of their 
energy for spawning, rather than growing. Then, during summer, adult s1111pper may 
grow at a faster rate than their northern region counterparts, due to the warm er water 
temperatures, (M. Moran, Dept. Fisheries W.A., pers. comm.). Other environmental 
factors, such as prey availability or quality, may become more important than SST in 
terms of affecting growth of older P. auratus in the western gulf of Shark Bay. 
Differences in growth between adult snapper stocks have previously been ~ttributed to 
food availability (Paul, 1976; Paul & Tarring, 1980). Without conducting research into 
the variability of environmental factors, other than temperature and salinity, between the 
two study regions and their effects on the growth of adult snapper, it is not possible to 
infer why faster growth occurs in the southern region than in the northern region. It has 
been shown that genetic factors play a role in determining the growth of snapper 
(Taniguchi el al., 1981; Taniguchi et al .• 1988) and, as mentioned above (Section 4.2), 
an otolith chemistry study showed that adult P. aura/us exhibited minimal mixing 
between regions of the western gulf. Hence, it seems plausible that genetic differences 
between the snapper of each region play a part in determining snapper growth rates for 
adult P. aura/us, compared lo the I arva! and juvenile stages. 
Environmental factors, such as temperature, nre thought !o influence year c 1 ass strength 
in many species (Roff, 1981; Longhurst, 1984; Sheperd et al., 1984; Hollowed et al., 
68 
1987; Loeng, 1989; Bohling el al., 1991; Francis, 1993) by affecting growth and hence, 
survival during tbe early stages of fish life (Houde, 1987; Suthers, 1995). Francis ( 1993) 
found a strong, positive correlation between annual abundance of I+ P. auratJJS and 
autumn SST in the Hauraki Gulf, New Zealand. Consequently, by monitoring autumn 
SST, the managers of this fishery have the ability to predict changes in stock biomass 
caused by variable recruitment and can modify fishing regulations accordingly (e.g. 
annual fishing quotas) (Francis, 1993). The identification ofa positive correlation 
between growth ofO+ P. aura/us and water temperature in the present study, provides a 
starting point for future studies regarding the affect of SST on snapper recruitment in 
the western gulf of Shark Bay. Estimates ofrelative strength ofrecruiting yenr classes 
are amongst the most sought after information in fisheries science and management 
(Megrey, 1989; Hilborn & Walters, 1992; Francis, 1993) and the Dept. Fisheries W.A. 
expect to explore annual recruitment variability in relation to environmental factors for 
P. aura/us of inner Shark Bay in lhe future ( G. Jackson, Dept. Fisheries W .A., pers. 
comm.). Snitably accurate SST data, obtainable from the Western Australian Satellite 
Technology and Applications Consortium (WAST AC), in conjunction with the 
abundance data from the annual traw I surveys for the Western gulf ( 1996-2003+) (Dept. 
Fisheries W.A., unpublished data), provide an ideal foundation for such a study. Future 
annual trawl surveys of O+ P. aura/us should be conducted in Autumn rather than 
Summer so that catchability of the O+ fish is increased. That is, the present study found 
that snapper under I 00mm LCF were not sampled effectively with a 45mm meshed-
codend. Alternatively, codend covers made with smaller mesh (~Omm), as used in the 
present study, can effectively reduce escapement of small fish. 
Estimates of spawning biomass from Dally Egg Production Method surveys (1997-
2001), and age-struc\ured population modelling, indicate that the mature biomass in the 
southern region has been in decline for some time (Jackson el al., 2003). In the mid to 
late 1990s, various community members of the Gascoyne region proposed releasing 
large numbers of reared juvenile P. aura/us into the inner bays of Shark Bay, in an 
attempt to accelerate recovery and restore the fishery to earlier biomass levels (Anon, 
19 9 8). The Dept. Fisheries W .A. nrgued that such re-stocking would be undoubtedly . 
expensive and should only proceed after a full scientific evaluation was conducted to 
measure the effectiveness and ecological impacts of such re-stocking ( G. Jackson, Dept. 
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Fisheries W.A., pers. comm.). Due to fimmcia\ reasons, a scientific evaluation was 
never conducted. 
Re-stocking of P. auratus in Japan was reasonably successful. The proportion of I+ fish 
increased from less then 5% to between 40% and 60% of the total catch following .· · · 
regular releases ofO+ fish over a three year period (Smith & Hataya, 1982). As a result 
of that study, it was shown that a re lease of I million seed fish each year would 
eventually produce a net annual return ofapproximate ly 3 5 tonnes (Smith & Hataya, 
1982). Smith and Hataya (1982) concluded that, although the growing out of snapper is 
a very expensive process, re-stocking c_an be successful where snapper stocks are . 
seriously depleted or a fishery experiences highly variable recruitment. If re-stocking of 
P. aura/us in the western gulf of Shark Bay was to ever be attempted, knowledge 
gained ftom the present study would be useful, in tenns of maximizing the effectiveness 
of the fish releases. Firstly, the release sites should be located where wildjuvenileP. 
a11ratus arc known to successfu Uy inhabit. The abundance data collected during the 
traw I surveys during this study could address this matter by demonstrating areas where 
o+ P. aurat11s were consistently abundant. The length frequency data for the P. aurat11s 
catches would also be useful to determine what si:ze range of wild O+ snapper the 
released snapper would encounter at particular locations and times of year. Such 
planning may increase the success of the releases by minimizing clllUlibalistic and 
territorial heh aviour between fish, which has previous! y been reported for snapper 
(Kingett & Choat, 1981; Foscarini, 1988). Furthermore, Leber et al. (1997) advise that 
survival of cultured fish is greater when releases are timed so that size at release 
coincides with modes in the population structure of wild stocks. Secondly, the present 
study would be of value to the aquaculture community, by providing information 
regarding optimal temperature and salinity conditions for rearing ofF. a11rat11s. Such 
knowledge would enable growth performance of the fish to be maximized and, in the 
conte~t of growing out fish for a re-stocking program; this would be of vital 
importance. During the aquarium experiment in the present study, jt was found that very 
small, gradual increments in salinity (idea Uy 2%o per day) were necessary to 
successfully acclimate young P. aura/us to higher salinities. Hence, it is suggested that 
. . . 
the temperature and salinity of the rearing conditions for any restocking program be 
matched closely to the natural conditions occurring at the release sites. To avoid . 
substantial seasonal fluctuations in water temperature, rearing of P. auratus should 
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ideally take place within a temperature-controlled room. Thirdly, a purtion of the 
released fish would need to be physically tagged in order to estimate their growth, 
mortality and effect on the fishery (Smith & Hataya, 1982). The tags used in the present 
study nod in the restocking program in Japan (Smith & Hataya, 1982) were 'anchor' 
tags and high tag loss ls believed to be partly responsible for no or low recaptures in this 
study and in J ap nn (Smith & Hataya, 1982). It is therefore recommended that alternative 
tagging methods he explored prior to future snapper re-stocking programs in Shark Bay. 
. . . 
Fish size at release is an important mediator of the effect of hatchery releases on stock 
abundance (Hager & Noble, 1976; Tsukamoto et al.; 1989; Svasand & Kristiansen, 
1990; Willis et al., l 995; Leber el al., 1997) and this would be another factor to 
consider during the development of any re-stocking program for P. auratus in Shark 
Bay. Based on the tagging study conducted in the present study, snapper over 70mm 
LCF are recommended, as fish under this size appeared to suffer higher stress and · 
subsequent mortality after handling. On a final note, th~ time of year that fish are 
released is crucial, in terms of their growth and survival (Hager & Noble, 1976; Bilton 
el al., 1982; Leber et al., 1997). The present study has shown that growth ofo+ P. 
aura/us is positively related to water temperature and since survival of fish is, in part, a 
function of growth (Houde, l 987), the timing of the fish releases should be such that the 
water temperature remains warm for an extended period after release. The SST data 
obtained in this study clearly showed that water temperatures were highest during 
Jnnuary to April in the western gulf of Shark Bay. Assuming SST patterns are similar 
between years, fish releases should occur early within this period to maximize growth, 
reduce mortality and hence, increase the effecti Veness of the re-stocking. The present 
study Blso showed that growth of O+ P. aura/us was highest at an intermediate salinity 
of39%o, compared to 36 or 4 2 %.. Hence, salinity is another environmental factor that 
may need to be considered when selecting relense sites. 
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5,0 SUMMARY 
The present study provides strong evidence that the size differences between O+ 
snapper in the northern and southern regions are associated with growth rate 
differences, rather than differences in spawning times or migration ofO+ from oue 
region to the other. The ages of juvenile snapper, as determined by the daily increment 
method, clearly showed that length-at-age ofO+ fish (!00-3!i7 days) in the northern 
region was greater than those in the southern region, whereas back-calculated birth date 
distributions indicated that the spawning time of P. auratus was similar in both regions 
(predominantly June to August). While the tagging study was unsuccessful, results ofa 
study by the Dept. Fisheries W.A. (unpublished data) suggests that 0+ P. aura/us 
exhibit little or no mixing between the northern and southern regions of the western 
gulf. Thus, a greater growth rate exhibited by O+ fish in the northern region, results in 
these fish attaining a larger size (IS- l6mm) than their southern region counterparts. 
Since growth rates of wild o+ P. aura/us appeared to be similar over the age ranges 
sampled (100· 357 days), and yet length-at-age differed between regions, differential 
growth ofO+ fi5h of the northern and wuthem regions almost certainly occurred within 
the first few months after hatching. This difference in growth is likely to be influenced 
by water temperature. An aquarium experiment demonsb:ated that water temperatures of 
l 8·26"C had a strong, positive effect on the growth of O+ P. aura/us. Furthermore, o+ 
P. auratus in the southern region experienced SSTs 2-3°C cooler during their first few 
months of development, than their more northern counterparts, which would have 
caused those northern fish to grow faster. Salinity was less influential on growth ofO+ 
fish, with growth increasing only at 39%o and only in terms of length. However, the 
effect of this salinity level on growth is inconsequential to the current study area as the 
natural salinities occurring in the northern and southern regions of the western gulf are 
well be!ow 11nd above this salinity, respectively. 
In contrast too+ P. auratus, adult snapper grow faster in the southern region compared 
to the northern region of the western gulf(G. Jackson, Dept. Fisheries W.A., pers. 
comm.). Thus, growth rate differences reported for O+ P. auratus of the western gulf do 
not have any serious ramifications for snapper management, since this has no influence 
on the age or size at which fish reach sexual maturity. However, back-calculated birth 
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dates from this study have allowed the re-,assessment of spawning period and the timing 
of the assoc iatecl seasonal closures applied in the southern region, Resu Its of this study 
indicate that the current closure of the western gi.J If from August to September should be 
modified to July and August. 
.. ·.· :· ·.: 
Finally, knowledge gained from thepre;enlsnidy,is highly applicableto ·any future P. 
auratus re;stocking programs iii Shark Bay, Kn~v,ledge gninedin the picient' study may 
· .. o~gmeni the effectiveness offish rele:ises by: identifying areas where ()+ snapper nre' 
]:.:own tci consistent!y0 inhabit; providing valuable i~form atfon with regard fo optimal : 
temperature and salinity cunditionsfor ~lficial rearing of snappiri; pro,{ding advice .. ' 
conce111ing tagging methods; recommmiding ideal sizes offish for 11ilease; and,.· 
', identifying the most appropriateti~e of year for releasing tbep~t:i, t,:, ensure their 
maximal growth and survivaL 
73 
6,0 REFERENCES 
Alverson D.L. (196!). Ocean temperatures and their relation to albacore tuna(Thunnr,s 
germo) distribution in waters off the coast of Oregon, Washington and British 
Columbia. Journal of/he Fisheries Research Board of Canada 18: 145 - 152. 
Amara R., Desaunay-;., Lagardere F. (1994). Seasonal variation in growth of\arva\ 
sole So/ea sofea and consequences on the success of\arva\ migration. 
Netherlands Journal of Sea Research 32: 287 - 298. 
Anderson J.T., Dalley E.L. (2000). Interannualdifferences in hatching times and growth 
rates of pelagic juvenile cod !n Newfoundland waters. Fisheries Research 46: 
227-~8. 
AndersonJ.T., Morison A.K., Ray D.J. (1992). Age and growth ofmurraycod, 
Maccul/ocheliapeelii {Perciformes: Percichlhyidae), in the Lower Murray-
Darling Basin, Australia, from thin-otolith sections. Australian Journal of 
Marine and Freshwater Research 43: 983 - 1013. 
Anon. (1998). Shark Bay snopPer restocking project, Gascoyne Development 
Commission, Makira Pty. Ltd. 
Appleford P., Anderson T.A., Gooley G.J. {1998). Reproductive cycle and gonadal 
development of Macquarie perch, Macquaria australasica Cuvier 
(Percichlhyidae), in Lake Dnrtmoutb and tributaries oflhe Murray-Darling 
Basin, Victoria, Australia. Marine and Freshwater Research 49: 163 - 169. 
Atkinson M.H. (1987). On/agenelicpallerns in prese11/emenl Chrysophrys aura/us 
(Sparidae). Master of Science thesis. University of Auckland, Auckland. 
Azeta M., Ikemoto R., Azuma M. (1980). Distribution and growth ofdemersal 0-age 
red sea bream, Pagrus major, in Shijiki Bay. Bulletin of the Seikai Regional 
Fisheries Research Laboratory 54: 259 - 278. 
Bailey K.M., Houde E.D. (1989). Predation on egg and larvne of marine fishes ani;I the 
recruitment problem. Advances In Marine Biology 25: I - 83. 
Bangxi X., Xufa M., Weimin W., Xueqiao Q., Zhifen C., Yuu G. {2001). Selecting and 
fitting expressive growth equations for different body shape of fishes. Asian 
Fisheries Science (Manila) 14: 17 - 23. 
Barger L.E. (1985). Age and growth of Atlantic l'roakers in the northern Gu!fof 
Mexioo, based on otolith sections. Transactions afthe American Fisheries 
Societ)' 114: 847 - 850. 
74 
Bastow T.P., Jackson G., Etlni
0
omls J.S. (2002). Elevated salinity and isotopic 
composition offish otolith carbonate: stock delineation of pink snapper, 
Pagros aurafus,'fn Shark Bay, Western Australia. Marine Biology 141: 801 • 
806. . 
Bell J.D. ( 1980):'~spects o/ the ecology a/ fourteen economir:afly important fish species 
in Bo/any Bay, New South Wales, with special emphasis on habitat utilization 
qnd a disr:usslon of the effects of man-Induced habitat changes. Master of 
/Science thesis. Macquruie University. 219 pp. 
Bell°J.D., Quartarnro N., Henry G.W. (1991). Growth of snapper, Pagros aurallls, from 
· south-eastern Australia in captivity. New Zealand Journal of Marine and 
Freshwater Research 25: 117 • 121. 
Berlinsky D., Watson M .• Nardi G., Bradley T.M. (2000). Investigations of selected 
parameters for growth of larval and juvenile black sen bass Cen/roprislis 
sir/ala.Journal of/he Warld Aquaculture Soc/e/)131: 426- 435. 
Bilton H.T., Alderdice D.F., Schnute J.T. (1982). Influence of time and size at release 
of juvenile coho salmon (Oncorhynchus kisutch) on returns at maturity. 
Canadian Journal of Fisheries and Aquatic Science 39: 426 - 44 7. 
Bohling P., Hodd R., Lehtonen H., Karas P., Neuman E., Thoresson G. (1991). 
Vruiations in year class strength of different perch (Perea jluviatllis) 
populations in the Baltic Sea with special reference to temperature and 
pollution. Canad/on Journal of Fisheries and Aquatic Science 48: 1181 • 1187. 
Brander K.M. (1995). The effect of temperature on growth of Atlantic cod (Gadhus 
morhua). ICES Journal of Marine Science 52: I - 10. 
Brett J.R. (1979). Environmental factors and growth. In: Fish Physiology, (W.S. Hoar, 
DJ. Randall, J.R. Brett <.11.), pp. 599 - 667. New York: Academic Press. 
Bye V.J. (1984). The role of environmental factors in the timing of reproductive cycles. 
In: Fish Reproduction; Strategies and Tactics, (G.W. Potts, R.J. Wooton ed.), 
pp. 187 - 206. London: Academic Press. 
Bye V.J. (1990). Temperate marine teleosts, In: Reprod11ctiveSeasonolily in Teleosts: 
Environmental Influences, (A.D. Munro, A.P. Scott, T.J. Lam ed.), pp. 125-
144. Boca Raton: CRC Press. 
Campana S.E. (1984). Microstructural growth patterns in the otoliths of larval and 
juvenile starry founder, Platichthys stelfatus. Canadian Journot a/Zoology 62: 
!507-1512. 
Campana S.E. (2001). Accuracy, precision and quality control in age determination, 
including a review of the use and abuse ofage validation methods. Journal of 
Fish Biology 59: 197 - 242. 
75 
Campana S.E., Nielson J.D. (1985). Microstructure offish otoliths. Canadian Journal 
of Fisheries and Aqua,'lc Science 42: 1014- 1032. 
Cassie R.M. (1956a). Spawning of the snapper Chrysophrys aura/US Forster in the 
Hauraki Gulf. Transactions of the Royal Society of New Zealand 84: 309- 328. 
Cassie R.M. (1956b). Early development of the snapper, Chrysophrys auratus, Forster. 
Transactions of the Royal Society of New Zealand 83: 705 - 713. 
Castro L.R., Cowan R.K. (1991). Environmental factors affecting the early life history 
of bay anchovy Anchoa mi/chilli in Great South Bay, New York. Marine 
Ecology Progress Series 76: 235- 247. 
Chambers R.C., Leggett W.C. (19R7). Size and age at metamorphosis in marine fishes: 
an analysis oflaboratoi y-reared Winter flounder (Psuedopfeuronecte.I 
americanus) with a review of variation in other species. Canadian Journal of 
Fisheries and Aquatic Science 44: 1936- 1947. 
Claramunt R.M., Wahl D.H. (2000). The effects of a biotic and biotic factors in 
determining larval fish growth rate3: a comparison across species and 
reservoirs. Transactions of the Amer/can Fisheries Saciety 129: 835 - 851. 
Clemens H.B. (1963). A model of albacore migration in the North Pacific Ocean. FAD 
Fisheries Report 6 (3), Experience paper 31: 1537 - 1548.· 
Conover D.0. (1990). The relation between capacity for growth and length of growing 
season: evidence for and implications of countergradient variation. 
Transactions of the American Fisheries Society I 19: 416 - 430. 
Conover D.O. (1992). Seasonality and the scheduling of life history at different 
latitudes. Journal of Fish Bio/ogv41: 161 - 178. 
Coutin P. (1997). Snapper -1996 [Compiled by the Bay and Inlet Fisheries and Stock 
Assessment Group]. Rep. 12, Fisheries Victoria Assessment Report, Fisheries 
Victoria: East Melbourne. 
Crone P.R. (2001). Spatial differences in mati.lrity schedules offema]e Dover sole off 
Oregon ( 1981-1991 ). Fisheries Research 51: 393 - 402. 
Crossland J. (1977). Seasonal reproductive cycle of snapper Chrysophrys aura/us 
(Forster) in the Hauraki Gulf. New Zealand Journal af Marine and Freshwater 
Research 11:37-60. 
Crossland J. (1980). The number of snapper, Chrysophrys auratus (Forster), in the 
Hauraki Gulf. New Zealand, based on egg surveys in 1974-1975 and 1975-
·]976. Rep. 22, Fisheries Research Division, Fisheries Research Bulletin. 
76 
Cushing D. ( J 975). Fisheries reso11rces a/ the sea and their management. London: 
Oxford University Press. 85 pp. 
Cushing D.H. ( J 990). Plankton production and ye11T-cla:;s strength in fish populations: 
an update of the match/mismatch hypothesis. Admnus in Marine Biology 26: 
~s-m. · · 
. . . . .. . 
Edmonds J.S., Moran M.J., Caputi N., Morita M. ( 1989). TTll.ce element :in:.,Jysis of fish 
sagittae as nn aid to stock identification: Pink Snapper (Chrysophrys auratus) in 
Weslem Australian waters. Canadian Jaumal af Fisheries and Aquatic Science 
46: 50 • 54. 
Edmonds J.S., Steckis R.A., Moran M.J., Caputi N., Morita M. t}999). Stock 
delineation of pink snapper and tailor from Western Australia byanalysis of·. 
stab le isotope and strontium/calcium ratios in otolith carbonate. Journal a/ Fish 
Biology 55: 243 - 259. · 
Ferrell D., Sun:pton W. (1993 ). Assessment of the f1She,y for snapper (Pagrus auratus) 
in Q11e~nsland and New South Wales, Final Report to the Fish1lrie~ Rese11Tch 
and Development Corporation, 93/074, 143p 
Fielder D.S., BarJsley W.J., Allan G.L., Panl:':;.irst P.M. (iri press). The effects of . 
· salinity and temperah,re on growl// and survival of Australian snapper, Pagrus 
auralri.r, larvae. 
Foscarini R. ( 198 8). A review: int .. .::sive farming pr<x.'ooure for red sea bream ( Pogn,s 
major) in .Japan. AquaculJur.? 72: 191 -246. 
Fowk, A.J. ( ! 989). Description, interpretation and use of the microstructure of otoliths 
from juvenile butterllyfishes (family Chaetodontidae). Marine Biology (Berlin) 
102: 167. 181. . 
Fowler A.J. (2002). Snapper (Pagrus aura/us). Rep. 0!/013, Primary Industries and 
Resource~ S. A., South A ustra!ian Fisheries Assessment Series. , 
Francis M.P. (1992). Population dynamics of juvenile snapper (Pagrus aural/ls) in the 
Hauraki Gulf PhD thesis. University of Aucklnm!, Auckland. ·. · 
. . : . . . . . . 
FranQ is M. P. (1993 ). Does wiiter temperature determine year c less strength in New 
Zealand snapper (Pagrus aural/ls, Sparidae)? Fisheries Oceanography 2: 65 • 
72. . 
. . .. 
Francis M.P. ( 1994a). Growth of juvenile snapper, Pa'{rusaauratus. New Zealand 
Jaumal of Marine and Freshwater.Research 28: 20 l • 218. 
Francis M.P. (1994b). Duration of larval and spawning perirds in Pagrus aurotus 
(Sparidae) determined from otolith daily increments. Environmental Bialagy of 
Fishes 39: 137 - 152. . 
77 
Francis M.P. (1995). Spatial and seasonal variation in the abundance of juvenile 
snapper (Pagrus aura/us) in the north-western Hauraki Gulf. New Zealand 
Journal of Marine and Freshwater Research 29: S65 • 519. 
Francis M.P., Williams M.W., Price A.C., Pollard$., Scott S.G. (1992). Daily 
increments in otoliths of juvenile snapper, Pagrus aura/us (Sparidae). 
Australian Journal of Marine and Freshwater Research 43: 1015 • 1032. 
Francis R.I.C.C., Winstanley R.H. (1989). Differences in growth rates between habitats 
of south-east Australian snapper. Australian Journal of Marine and Freshll'Oter 
Research 40: 703 • 710. 
Fuiman L.A., Magurran A.E. (1994). Development of predator defences in fishes. 
Review a/Fish Biology and Fisheries 4: 14S - 183. 
Fukuhara 0. (1985). Functional morphology and behaviour of early life stages of red 
sea bream. Bulletin of the Japanese Society of Scienrific Fisheries 51: 731 • 
743. 
Fukuhara 0. (1991). Size and age at transformation in red sea bream, Pagrus major, 
reared in the laboratory. Aquocu/ture 95: 117 • !24. 
Golani D., Shencr D., Gelman A. (1988). Aspects of growth and feeding habits of the 
lldult European eel (Anguilla angui//a) in Lake Kinneret (Lake Tiberins), 
Israel. Aquac-<1!/ure 74: 349. 354. 
Hager R.C., Noble R.E. (1976). Relation of size at release of hatchery-reared coho 
salmon to age, size and se)( composition of returning adults. Progressive 
Fishery-Cullure38: 144 -147. 
Hanabuchi N. (1980). Distribution ofyouog of the red sea bream, Pagrus major, in 
Yuya Bay. Bulletin a/the Seikai Regional Fisheries Research Laboratory S4: 
79-'il. 
Hargreaves V .B. ( 1978). The fr(>pical marine aquarium. Great Britain: A.H. & A.W. 
Reed Pty. Ud. 160 pp. 
Harley S.J., Millar R.B., McArdle B.H. (2000). Examining thll effects of changes in the 
minimum legal sizes used in the Hauraki Gulf snapper (Pagrus aura/us) 
fishery in New Zealand. Fisheries Research 4S: 179- 187. 
Hilborn R., Walters C.J. (1992). Quanlltalivef1Sheriesstackassessment: choice, 
dynamics, and uncertainly. New York: Chapman and Hall. 
Hollowed A.B., Bailey K.M., Wooster W.S. (1987). Patteml in recruitment of marine 
fishes in the Northeast Pacifi.:: Ocean. Biology and Ocet•nagraphy S: 95'- 131. 
1B 
Hom P. (1986b). A snapper nursery ground in the North Tnrnnaki Bight. Catch (July. 
August), p 11. 
Hom P.L. (1986a), Distribution and growth of snapper Chrysoph,ys aurotus in the 
North Taranaki Bight, and management implications of these data. New 
Zea/andJauma/ a/Marine and Freshwater Research 20: 419- 430. 
Houde E.D. (1987). Fish early life dynamics and recmitment variability. American 
Fisheries Society Sy,nposium 2: 17 - 29. 
Hovenkamp F. (1991). Immigration oflarval plaice (Pleuronecles platessa L) into the 
Western Wadden Sea: a question of timing. Netherlands Journal af Sea 
Research 27: 287 - 296. 
Hubbs C. (1985). Darter reproductive seasons. Capeia: 56- 68. 
Hyndes G.A., Potter I.C. (1997). Age, growth and reproduction of Si/Iago schomburgkii 
in south-western Australian, uearshore waters and comparisons oflife history 
styles ofa suite of Sillagu species. Environmental Biology a/Fishes 49: 435 -
447. 
Irnsland A.K., Foss A., Gunnarsson S., Bcmtsscn M.H.G., FitzGerald R., Bonga S.W., 
Von Ham E., Naevdal C., Stefansson S.O. (2001). The interaction of 
temperature and salinity on growth and food conversion in juvenile turbot 
(Scaphthalmus mw:imus). Aquaculture 198: 353 • 367. 
Iversen E.S. (1996}. Living marine resources: their utilization and growth. New York: 
Chapman and Hal!. 
Jackson G., Cheng H. (2000). Spawning biomass estima/eJ·for the inner Shark Bay 
snapper(Pagrus aura/us) stocks based on 1999 DEPM sunzys, Western 
Australian Fisheries Assessment Research Document, WA Marine Research 
Laboratories. 
Jackson G., Lenanton R., Sumner N.R., Crihb A. (2003). Research and managemeot of 
snapper,Pagrus aura/us, stocks in the inner gulfs of Shark Bay, Western 
Australia. In: Regional experience for global solutions. Proceedings for 3rd 
World Recreational fohing Conference, 21-24 May 2002, Northern Territory, 
Australia. Coleman, A .P.M. (ed.). In: Fisheries Report 67, Fish'eries Group, 
Dept. of Bus., Ind. & R.D .. Darwin, NTed.), pp. 143-14$. 
Job ling M. (1994). Fish Biaenergetics. London: Chapman 8lld Hall 
Johnson M.S., Creagh S., Moran M. (1986). Genetic subdivision of.stocks of snapper, 
Chrysoph,ys auratus, in Shark Bay, Western Australia. Australian Journal of 
Marine and Freshwater Research 37: 337 - 345. 
79 
Jones C. (1986). Detennining age of\arval fish with the otolith increment technique. 
Fishery Bulletin 84: 91 - 103. 
Jones H. (1968). Fish migration. London: Edward Arnold Publishers. 
Kailola P.J., Williams M.J., Stewart P.C., Reichelt R.E., McNee A., Grieve C. (1993). 
Australian Fisheries Resources. Canberra: Bureau of Resource Sciences, 
Department of Primary Industries and Energy, and the Fisheries Research and 
Development Corporation. 
Kato M., Sudo H., Azeta M., Matsumiyn Y. (1991). Field experiments of iridium 
marking for red sea bream in Shijiki Bay. Bulletin of the Narlonal Research 
lrutitute ofFar Sees Fisheries 28: 21 - 45. 
Kidd R., Sander F. (1979). Influence of Amazon River discharge on the marine 
production system off Barbados, West Indies. Journal of Marine Research 37: 
669- 681. 
King M. (1995). Fisheries biology, assessment andmanagemenl. Oxford: Fishing New 
Books. 338 pp. 
Kingett P.D., Choat J.H. (198!). Analysis of density and distribution patterns in 
Cluysophrys aura/us (Pisces: Sparidae) within a reef environment: an 
experimental approach. Marine Ecology Progress Series 5: 283 - 290. 
Kingsford M,J. ( 1986). Disrribution patterns of fish dr1ring the plonktonfc period of 
their life history. University of Auckland, Ph.D. Thesis, Auckland 
Kingsford M.J., Atkinson M.H. (1994). Increments in otoliths and scales: How they 
relate to the age and early development of reared and wild larval and juvenile 
Pagms aurotus (Sparidae). Austmlian Jour.-1a/ of Marine and Fn.., . •a/er 
Research 45: 1007 - 102!. 
Kitazima T. (1969). Syrnp"osium on culture and propagation of sea breams, 11-1 
Problems on sea bream culture. Bulletin of Japanese Society of Scientists of 
Fisheries 35: 562 - 607. 
Kjartansson H., Fivelstad S., Thomassen J.M., Smith M.J. (1988). Effects of different 
stocking densities on physiological parameters and growth ofadult Atlantic 
salmon (Safma safmar) reared in circular tnnks. Aquaculture 73: 261 - 274. 
Kneib R.T. (1986). Size-spe.:ific patterns in the reproductive cycle of the killifish, 
Fundulus heteroclitu~ {Pisces: Fur.dulidae) from Sapelo Island, Georgia. 
Copeia 
Kojima K. (1981a). Growth of the red sea bream (Pagros major) in young stages in 
Yuya Bay, the Japan Sea. Bulfetin of the Seikai Regional Fisheries Research 
laboratory 56: 55 - 70. 
80 
Kojima K ( 1981 b). Spawning of the red sea bream (Pagrus major) in the waters around 
lid Island and Mishima Island in the western part of the Japan Sea. Bulletin af 
the Se/kn/ Regional Fisheries Research Laboratory 56: 71 - 87. 
Laevatsu T ~ Rosa Jr H. (1963). Distribution and rel'ltive abundance of tuna in relation 
to their environment. FAO Fisheries Repart 3: 1835 • 1851. 
Lam T.J. ( 1983). Environmental influences on gonadal activity in fish. In: Fi.sh 
Phys/a/agy, (W.S. Hoar, D.J. Randall, E.M. Donaldson ed.), pp. 65 - \Ol. New 
York: Academic Press. 
Lambert T. C., Ware D. M. ( 1984 ). Reproductive strategies of demer:sa I and pelagic 
spawning fish. Canadian Journal of Fisheries and Aquatic Science 41: 1565 -
1569. 
Lang K., Grimes C., Shaw R. ( 1994). '! ariatlon in the age and growth of yellow fin tun a 
larvae, Thunnus albacares. collected about the Mississippi River plume. 
Environmental Biology of Fi.shes 39: 259 - 270. 
Laurencc G.C. (1975). Laboratory growth and me:abolism of the winter flounder 
Psuedopleuronecles americanus from hatching through metamorphosis at three 
temperatures. Marine Biology 32: 223 - 229. 
Leber K.M., Blankenship H.L., Brennan N.P. (1997). !"fluence of release season on 
size-dependent survival of cultured striped mullet, Mug ii cepha/us, in a 
Hawaiian estuary. Fishery Bulle tin 9 5: 267 - 2 7 9. · 
Lenanlon R. (1974). The abundance and size composition of trawled juvenile snapper 
Chrysophrys tmicolor (Quoy and Gaimard) from Cockburn Sound, Western 
Australia. 25 
Lewis J., Brundritt K., Fish A.G. ( 1962). The biology of the flying fish, Hirundich1hy.i 
afjinis. Bulletin of Marine Science of 1/1e Gulf of the Carr/bean 12: 73 • 94. 
Loeng H. ( 1989). The influence of temperature on some fish population parameter:s in 
the Barents Sea. Journal of NorthweJ! t A tlan rlc Fi.sheries Science 9: l 03 • 113. 
Logan B. W., Davies G.R., Rei;.d J.P., Cebulski D.E. (1970). Carbonate sedimentation 
and environment.1, Shark Bay, Western Australia. Oklahoma: American 
Association of Petroleum Geologists 
Longhurst A. (1984). Heterogeneity in the ocean- implications for lisheries. Rapports et 
Proces-Verbaw:des Reunions Conseil International Pour L'exploration de la 
Mer l 85: 268 - 282. 
Marteinsdottir G., Gunnarsson B., Suthers J.M. (2000). Spatial variation in hatch date 
distributions and origin of pelagic juvenile cod in Icelandic waters. Journal of 
Marine Science 57: 182 - 1195. 
81 
Mc Keown B.A. (1984). Fish migration. Great Britain: Timber Press 
Megrey B.A. (1989). Review and comparison of the age-structured stock assessment 
models from theoretical and applied points of view. American Fisheries 
Society Symposium 6: 8- 48. 
Metcalfe J., Arnold G., McDowall R. (1995). Migration. In: Handbook of fish biology 
and fisheries, (P.J.B. Hart, J.D. Reynolds ed.). London: Blackwell Science Ltd. 
Meunier FJ. (1974). La technique de marquage vital des tissus sque!ettiques des 
poissons. Bul/et/nfrancais de la Pecheet de! la Pisciculture 255: 51 - 57. 
Mihelakakis A., Kitajima C. (1994). Effects of salinity and temperature on incubation 
period, hatching rate and morphogenesis of the silver bream, Sparos sarba 
(Forskal, 1775). Aquaculture 126: 361 - 371. 
Mihelakakis A., Yoshimatsu T. (1998). Effects of salinity and temperature on 
incubation period, hatching rate and morphogenesis of the red sea bream. 
Aquaculture 6: 171-177. 
Millar R.B., McArdle J.H., Harley S.J. (1999). Modeling the size of snapper (Pogro.i 
aura/us) using temperature-modified growth curves. Canadian Journal of 
Fisheries and Aqua/le Science 56: 1278 - 1284. 
Mimura G., Yoshimoto S., Saito S.I., Hayashi T., Tnknhashi M. (1984). On ecological 
observations of the larval red sea bream in the extensive farming saline pond. 
Journal a/ the Faculty a/ App/led Bia/agica/ Science, Hiroshima University 23: 
95-119. 
Moran M. (1987). Tagging confinns separate stocks of snapper in Shark Bay region. 
Fishing Industry New Service (FINS), Department a/Fisheries Western 
Australia 20 (4): 3 - 8. 
Moran M.J., Burton C., Caputi N. (1998). Sexual and local variation in head 
morphology of snapper, Pogros aura/US', Sparidae, in the Shark Bay region of 
Western Australia. Marine and Freshwater Research 50: 27 - 34. 
Moyle P.B., Joseph J., Cech J. (2000). Fishes: an introduction la ichthyology. (4th 
edn.). New Jersey: Prentice Hall 
National Research Council (1999). Sustaining marine fisheries. Washington: National 
Academy Press. 157 pp. 
Nixon S., Jo:1es C. (1997). Age and growth of larval and juvenile Atlantic croaker, 
/11icropagonias undu/otus, from the Middle Atlantic Bight and estuarine wa!ers 
of Virginia. Fishery Bulletin 95: 773 - 784. 
82 
Northcote T.G. (1978). Migratory strategies and production in freshwater fishes. In: 
Ecology of .freshwater f,shproduclion, (S.D. Gerking ed.). New York: John 
Wiley and Sons. 
Nyman R.M., Conover D.O. (1987). The relation between spawning season and the 
recruitment of young-of-the-year bluefish, Pomoromus saflatrix, to New York. 
Fishery Bulletin 86: 237 • 250. 
O,cenford H.A., Hunte W., Deane R., Campana S.E. (1994). Otolith age validation and 
growth rate variation in flyingfish (Hlnmd/chthys offlnis) froln the eastern 
Caribbean. Marine Biology 118: 585 • 592. 
Panella G. ( l 971 ). Fish otoliths: Daily growth layers and periodical patterns. Science 
173:1124-1127. 
Pankhurst N.W., Pankhurst P.M. (1989). Induced spawning of snapper, Chrysophrys 
aura/us,: prospects for aquaculture. New Zealand Fisheries Occasional 
Publication 4: 3 I • 34. 
Pankhurst P.M., Montgomery J.C., Pankhurst N.W. (1991). Growth, development and 
behaviour of artificially reared larval Pogn;s aura/us (Bloch and Schneider, 
1801) (Sparidae). Austro/fan Journal of Marine and Fre.~hwoter ResMrch 42: 
391-398. 
Paukert C.P., Willis D.W., Glidden A.L. (2001). Growth, condition, and mortality of 
blark crappie, bluegill, and yellow perch in Nebraska sand hills lakes. Great 
Plains Research II: 261 • 274. 
Paul L.J. (1976). A study on age, growth, and population structure of the snapper, 
Chrysophrys aura/us (Forster}, in the Hauraki Gu/f. New Zealand, New 
Zealand Ministry of Agriculture and Fisheries 
Paul L.1., Tarring S.C. (1980). Growth rate and population structure of snapper, 
Chrysophrys aura/us, in the East Cape region, New Zealand. New Zealand 
Journal of Marine and Freshwater Research 14: 237 - 247. 
Paulin C.D. (1990). Pogrus aura/us, a new combination for the species known as 
"snapper" in Au;;tralian waters (Pisces: Sparidae). New Zealand Journal of 
Marine and Freshwater Research 24: 2S9. 2G5. 
Pearce A.F., Prata A.J., Manning C.R. (1989). Comparison ofNOAA/AVHRR-2 sea-
surface temperatures with surface measurements in coastal waters. 
Inlernoliona{ Journal of Remote Sensing ID: 37. 52. 
Pepin P. (1991). Effect of temperature and siie on development, mortality, and survival 
rates of the pelagic early life histor: stages of marine fish. Canadian Journal of 
Fisheries and Aquatic Science 48: S03. 518. 
83 
Peterson M.S., Comyns B.H., Rakocinski C.F., Fu!ling G.L. (1999). Does salinity affect 
somatic growth in early juvenile Atlantic croaker, Micropogon ias rmdulalus? 
Journal of Experimental Marine Bialogy and Ecology 238: 199 -207. 
Policansky D. (1982). Influence of age, size anai temperature on metamorphosis in the 
starry flounder, P/atlchthys stel/atus. Canadian Journal of Fisheries and · 
Aquatic Science39: 514 - 517. · 
RoffD.A. (1981). Reproductive uncertainty and the evolution ofiteropnrity: why don't 
flatfish put all their eggs in oiie basket? Canadian Journal a/ Fisheries and 
Aqua/ ic Science 3 8: 968 - 977. 
Rombough P.J. (1988). Respiratory gas exchange, aerobic metabolism;-and effects of 
hypoxia during early lite. In: Fl.ih Physiology, (W.S. Hoar, D.J. Randall ed.), 
pp. 59 -16!. London: Academic Press Inc. 
Roui P., Quinn T.P. (!995). Geographic variation in si:re and age ofNcirth American 
chinook salmon. North American Journal of Fisheries Management l 5: 325 -
3~. . 
Rooker J.R., Holt S.A., Holt G.J., Fuiman L.A. ( 1999). Spatial and temporal variability 
in growth, mortality, and recruitment potential ofpostsett\ement red drum, 
Sciaenops oce/fatus, in a subtropical estuary. Fishery B11/lelin 97: 581 - 590. 
Roth bard S. ( 197 8). Secondary nursing of the red sea bream, Chrysaphrys major _ 
· (Temminck & Schlegel), in an earth pond. Aquaculmre 15: 53 -62. 
Rutherford E.S., Houde E.D. ( 1995). The influence of temperature on cohort-specific 
growth, survival, and recruitment of striped bass, Marone saxati/is, larvae in 
Chesapeake Bay. Fishery Bulletin 93: 315 - 332. · 
Sanchez-Ramirez M., Flores.Coto C. ( 1998). Growth and mortality of larval Atlantic 
bumper Chloros,;:ombros chrysurus (Pisces:Carangidae) in the southern Gulf 
of Mexico. Bulletin of Marine Science 63: 295 - 303. 
Scott D.B.C. ( 1979). Environmental timing and the control of reproduction in teleost 
fish. Symposia of1he Zoo/ogico/ Society of London 44: 105 - 128. 
Scott S.G., Pankhurst N.W. (1992). Interannunl variation in the reproductive cycle of 
the New Zealand snapper Pogrus aurarus (Bloch & Sclmeider) (Sparidae). 
Journal of Fish Biology 4 I: 685 - 696. -
Scott S.G., Zeldis J.R., Pankhurst N.W. (1993). Evidence of daily spawning in natural 
· populations of the New Zealand snapper Pagn1S aural/ls ( Sparidae). 
Environmenlal Biolagy of Fishes 36: 149 - 156. 
84 
Seeor D.H., Dean J.M., Laban E. (1992). Otolith removal and preparation for 
microstructural examination. Io: 010/ilh mlcrostroc/ure examination and 
o,ia!ysis, (DK Stevenson, S.E. Campana ed.), pp. 19 • 57. Ottawa: Canadian 
· Special Publication of Fisheries lind Aquatic Sciences. 
Sheperd J.G., Pope J.G., Cousens R.D. ( 1984). Variations in fish stocks and hypotheses 
concerning their links with climate. Rapports et Proces-Verbaux des Reunions 
Con.seil International Pour L'expforation de fa Mer 185: 255 • 267. 
Smith P.J., Hataya M. (1982). Larval rearing and reseeding of red sea bream 
(Chrysophry:i major) in Japan. New Zealand Fl.sher/es Research Div/.slon 
Occa:iional Publication 39: \ 9p. 
Stickney R.R. (2000). Nitrogeo. In: Encyclopedia of Aquaculture, (R.R. Stickney ed.). 
Texas: John Wiley and Sons, Inc. 
. . 
Stirling H.P. (1977). Growth, food utilization and effect of social interaction in 
European bass D1cen1rarch11s /abrax. Marine Biology 40: 173 • 184. 
Sudo H., A.1:eta M. ( l 9 83 ). Studies oo habitat quality evaluation of red seabream youngs 
in Shijiki Bay. Bulletin of the Seiko/ Regional Fisher/es Research Laboratory 
59: 1567 · 1575. 
Summers D.W. ( l 996). Environmental influences on the timing of spawning of Atlantic 
salmon, So/mo solar L, in the River North Esk. Fisherie:i Manageme/11 and 
. Eco/ogv 3: 281 · 283. 
Sumner N.R., Malseed B. (200 l ). A I 2-month survey of recreational fishing In Shark 
Bay d11ring 200().01, Western Auslrlllian Marine Research Laboratories, 
Fisheries Department of Western Auslra Jin 
Suthers I. (1995). Condition in larval and juvenile fish: indices of potential survival? h1: 
Recruitment and population dynomic:i of coral reef f,she:i. Fir:it lnternational 
Workrhop, (G.P. Jones, D.P. J, B.D. Mapstone, L. Howlett ed.). Queensland: 
CRC Reef Research Centre. 
Svasand T., Jorstad K.E., Ottem H., JKjesbu O.S. ( 1996). Differences in growth 
performances between Arcto-N orwegian and Norwegian coasta I cod reared 
under identical conditions. Journal ofFi:ih Biofogv49: 108- 119. 
Svasand T., Kristiansen T. S. ( 1990). Enhancement studies of coasta 1 cod in western 
Norway. Part IV: Mortality of reared cod afler release. Journal du Con:iei/ 
Con:ieil lnrernatlonaf Pour L' Exp/orotion de la Mer 41: 30 • 39 . 
. Tanaka M. ( 1985). Factors affecting the inshore migration of pelagic larval and 
demersa!juvenile red sea bream Pagrus mojor to a nursery ground. 
Tron:iacrlons of the American Fisheries Society 114: 4 71 ~ 4 77. 
85 
Taniguchi N., Azuma M., Umeda S. (1988). Significant difference in growth and 
survival rate among sib-groups of red sea bream marked by Isozyme gene. 
Nippon Suisan Gakkaishi 54: 553 - 557. 
Tl!Iliguchi N., Hamada R., Fujiwara H. (1981). Genetic difference in growth between 
full-sib groups of a maternal half-sib family observed in the juvenile stage of 
red seabream and nibe-croaker. Bulletin of the Japanese Society of Scientific 
Fis herfe.s 4 7: 731 • 734. 
Tarianger G.L., Haw; C., Walther B.T., Stefansson S.O., Bjomsson B.T., Hansen T. 
( 1991). Photoperiodic conrrol of growth, incidence of sexual maturot ion and 
avulatian in adult Atlantic salmon, Proceedings of the FourthJntemational 
Symposium on the Reproductive Physiology of Fish, Department of Animal 
and Plllllt Sciences, University of Sheffield, Norwich, UK. 
Thorro!d S.R., Milicich M.J. ( ! 990). Comparison oflarval duration l!Ild pre- and post-
settlement growth in two species of damselfish, Chromis otripectoroll:i and 
Pomucentrus coe/e.stis (Pisces: Pomacentridae), from the Great Barrier Reef. 
Marine Biology l 05: 375 - 384. · · · 
Tsuji S., Aoyama T. (1982). Daily growth increments observed in oto\iths of the larvae 
of Japanese red sea bream Pagru:i major (Temminck et Schlegel). Bulletin of 
the Japane.se Society of Scientific Fisheries 48: 1559 - 1562. 
Tsukamoto K., Kuwada H., Hfrokawa J .• Oya M., Sekiyu S., Fujimoto H., Imaizumi K. 
( 1989). Size-dependent mortality of red sea beam, Pagrus mojor,juveniles 
released with fluorescent otolith-tags in News Bay, Japan. Journal of Fi:ih 
Biology 35: 59 - 69. 
Voge\bein W .K., Overstreet R.M. (I 987). Histopathology of the internal llllChor tag in 
spot ll!ld sponed seatrout. Tronsac//on:i of/lie American FL~heries Society 116: 
745 -756. 
Vouglito is J .I., Ab le K. W., Kurtz R.J ., Tighe K.A. ( 1987). Life history and popu\a tion 
dynamics of the bay anchovy in New Jersey. Transactions a.f the American 
Fisheries Society 116: 141-153. · 
Wakefield C. (2002). The temporal and spatial spawning behaviour of :inapper (Pogrus 
· aurarus) in Cockburn Sound Western Australia. Hons. thesis. Curtin University 
of Technology, Perth. · 
Waldman J.R., Dunning D.J:, Mattson M.T. (1990). A morphologicai explanation for 
size-dependent anchor tag loss from striped bass. Transactions of the American 
Fisherie.s Society Ii 9: 920 - 923. · · · · 
Weatherly A.H., Gill H.S. (1987). The biology of fish growth. London: Academfo Press 
Inc. 
86 
Webb J.H., Mel.a)' H.A.A. ( 1996). Variatioo in the time of spawning of Atlantic salmon 
(Salmo salar) and its relationship to temperature in the Aberdeenshire Dee, 
Scotland. Canadian Journal of Fisheries and Aqua/le Science 53: 2739 - 2744. 
Williams A., Moran M., Caputi N., Walters C. (1993). Didymoioid trematode infection 
of soapper, Pagrus aura/us (Sparidae), off Western Australia: parasite 
population biology and fishery implications. Fisheries Research 16: 113 - 129. · 
Willis S.A., Fa\!s W.W., Dennis C.W., Roberts D.E., Whitchurch P.O. (1995). 
Assessment of season-of-release and si2:e-at-release on recapture rates of 
hatchery-reared 1·ed drum (Sciaenaps ace/lotus) in a marine stock enhancement. 
program in Florida. American Fisheries Society Symposium 15: 354 • 365. 
Winstanley R.H. ( 1983). The food of snapper, Chrysophrys aurarus, In Part Phillip Bay, 
Victoria. Rep. I 0, Dept. Cons. Forests and Lands, Fisheries Wildlife Service, 
Commercial Fisheries Branch, Commercial Fisheries Report. 
Winters G.H., Wheeler J.P. (1994). Length-specific weight as n 111easure ofgrowlh. 
success of adult Atlantic herring ( Clupea harengus). Canadian Journal a/ 
Fi~herles and Aquatic Science 51: I l 69 • l 179. 
Woo N .Y .S., Fung A.C.Y. (1980). Studies on the biology of the red sen bream 
Chrysaphrys major-I. Temperature tolerance. Marine Ecology Progress S,•ries 
3: 121 • 124. . 
Woo N.Y.S., Fung A.C.Y. (1981). Studies on the biology of the red sea bream, 
Chrysaphrys major-II. Salinity adaptation. Comparative Biachem~try and 
Physiology 69: 23 7 - 242. · 
Woods L.C., Hallerman E.M., Douglass L., Harrel! R.M. (1999). Variation in growth 
rate within and among stocks and· families of stripecl bass. North American 
Journal af Aquaculture 61: 8 • 12. · · 
Wooton R.J. (1990). Ecology of le/east fishes. London: Chapman and Hal! 
87 
